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Abstract 

We consider a simple network consisting of a source, a half-duplex decode-and-forward relay with a buffer, 
and a destination. We assume that the direct source-destination link is not available and all links undergo fading. 
We propose two new buffer-aided relaying schemes with different requirements regarding the availability of 
channel state information at the transmitter (CSIT). In the first scheme, neither the source nor the relay have 
CSIT, and consequently, both nodes are forced to transmit with fixed rates. In contrast, in the second scheme, the 
source does not have CSIT and transmits with fixed rate but the relay has CSIT and adapts its transmission rate 
accordingly. In the absence of delay constraints, for both fixed rate and mixed rate transmission, we derive the 
throughput-optimal buffer-aided relaying protocols which select either the source or the relay for transmission 
based on the instantaneous signal-to-noise ratios (SNRs) of the source-relay and the relay-destination links. In 
addition, for the delay constrained case, we develop buffer-aided relaying protocols that achieve a predefined 
average delay. Compared to conventional relaying protocols, which select the transmitting node according to 
a predefined schedule independent of the link instantaneous SNRs, the proposed buffer-aided protocols with 
adaptive link selection achieve large performance gains. In particular, for fixed rate transmission, we show that 
the proposed protocol achieves a diversity gain of two as long as an average delay of more than three time slots can 
be afforded. Furthermore, for mixed rate transmission with an average delay of E{T} time slots, a multiplexing 
gain of r = 1 — 1/ {2E{T}) is achieved. As a by-product of the considered link adaptive protocols, we also develop 
a novel conventional relaying protocol for mixed rate transmission, which yields the same multiplexing gain as 
the protocol with adaptive link selection. Hence, for mixed rate transmission, for sufficiently large average delays, 
buffer-aided half-duplex relaying with and without adaptive link selection does not suffer from a multiplexing 
gain loss compared to full-duplex relaying. 
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I. Introduction 

Node cooperation can introduce significant throughput and diversity gains in wireless networks. The 
relay channel was first investigated by van der Meulen OJ. Later Cover and El Gamal [l2j| investigated 
the memoryless three-node relay channel consisting of a source, a destination, and a single full-duplex 
relay and proved that cooperative systems offer throughput gains compared to non-cooperative systems. 
This work was later extended to systems employing a half-duplex relay in fading environments for the 
case when the relay has a predetermined schedule for reception and transmission Q. For the case of 
fixed rate transmission, the outage probability of the three-node relay network was shown to be superior 
to non-relay aided transmission in BU, |l5l. Subsequently, in [[6l, a simple protocol for the three-node 
relay network, which requires feedback from the receiver, was shown to achieve a diversity order of 
two in Rayleigh fading if the direct source-destination link is available for transmission. These early 
contributions have sparked a significant interest in cooperative communication techniques which resulted 
in many new discoveries, e.g. iTTll- lfTSl . 

A. Background and Related Work 

In practice, half-duplex relays may be preferred as they are easier to implement than full-duplex 
relays. However, half-duplexing suffers from a multiplexing gain loss compared to full duplexing. To 
compensate for this loss, existing protocols for the wireless three-node network with a half-duplex relay 
exploit the direct source-destination link to achieve a throughput gain or a diversity gain over non-relay 
aided transmission, e.g. ll3l- lfTn . In practice, because of the typically large distance between source and 
destination, the direct source-destination link may be very weak and the gains may manifest themselves 
only at very high signal-to-noise ratios (SNRs). However, if a source-destination link is not available, 
much of the gains obtained by half-duplex relaying disappear. There are two reasons for this. First, in 
most of the existing literature, e.g. ll3l- [[TT1l . the schedule of when the source transmits and when the 
relay transmits is a priori fixed. Typically, the relay receives a codeword from the source in one time slot 
and forwards some information about the received codeword to the destination in the next time slot. We 
refer to this approach in the following as "conventional relaying". Second, even if the relay has channel 
state information at the transmitter (CSIT), it does not exploit this information for rate adaptation, see 
e-g- [fT2l . In this paper, we propose relaying protocols that select the transmitting node based on the 
quality of the source-relay and the relay-destination links, i.e., the schedule of transmission is not a 
priori fixed. For this to be possible, the relays have to be equipped with buffers for data storage, the 
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node performing the selection of the transmitting node requires the channel state information (CSI) of 
both involved links, and feedback of a few bits of information from the node performing the selection 
to the transmitting node is necessary. Furthermore, we assume that if the relay has CSIT, it exploits this 
knowledge to adapt the transmission rate over the relay-destination channel. 

Relays with buffers have been considered in the literature before llT6l - ll20l . Li lfT6l . the buffer at the 
relay is used to enable the relay to receive for a fixed number of time slots before retransmitting the 
received information in a fixed number of time slots. In ifTTl . relay selection is considered and buffers 
enable the selection of the relay with the best source-relay channel for reception and the best relay- 
destination channel for transmission. However, in both [[T6l and [[TtII . the schedule of when the source 
transmits and when the relays transmit is a priori fixed. Thus, these schemes do not achieve a diversity 
gain compared to conventional relaying. Buffer-aided relaying schemes, where the schedule of when the 
source transmits and when a relay transmits is not a priori fixed, are considered in lfT8l - [|20ll . In ifTSl . 
the authors propose a protocol for relay selection in a network employing multiple mobile relays with 
buffers. The protocol operates in one of the following three modes: 1) If there are relay-destination links 
whose SNR is sufficiently high for successful transmission and the corresponding relays have packets 
in their buffers, a single relay is chosen to transmit to the destination; else 2) if there are source-relay 
links with sufficiently high SNR, the source is selected for transmission; else 3) none of the nodes 
transmits. Furthermore, [[T9ll considers a diamond cooperative network with two relays and buffering at 
the relays is used only when: 1) The instantaneous SNRs of both source-relay links are smaller than 
some predefined threshold while the instantaneous SNR of at least one of the relay-destination links is 
larger than the threshold, or 2) the instantaneous SNRs of both relay-destination links are smaller than 
the threshold while the instantaneous SNR of at least one of the source-relay links is larger than the 
threshold. Moreover, the authors in [20] introduce a relay selection scheme for a network employing 
multiple relays with buffers. In this scheme, the schedule of when a relay receives and transmits depends 
on the number of packets in the relay's buffer and the instantaneous SNRs of the source-relay and relay- 
destination links. Although the protocols proposed in [|T8l - ll20l yield a throughput gain over conventional 
relaying, they were derived based on heuristics, and are thus generally not optimal as far as throughput 
maximization and/or outage probability minimization are concerned. Consequently, these protocols do 
not fully exploit the degrees of freedom offered by relays with buffers. 

For the case of adaptive rate transmission, the maximum achievable throughput of the simple three- 
node relay network employing a half-duplex decode-and-forward relay with a buffer was recently derived 
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in [|2T1l . Thereby, both the source and the relay were assumed to adjust their transmission rate such that 
outages are avoided. However, adjusting the rate of transmission is not possible if CSIT is not available 
and/or only one modulation/coding scheme is implemented. In these cases, the protocol proposed in ||2T]| 
is not applicable. Some preliminary results on buffer-aided relaying for fixed rate transmission have been 
presented in [[22l and independently in ll23l . However, although [|22l . Il23l demonstrate that the simple 
three-node network with one buffer-aided relay and without direct source-destination link can achieve a 
diversity order of two in Rayleigh fading, the protocols adopted in [[22|. Il23l are suboptimal. Specifically, 
the protocol in [|22l employs a suboptimal decision function for link selection, and the protocol in ll23ll 
does not take into account the average link SNRs for link selection, which may lead to low throughputs 
for non-identical average link SNRs. On the other hand, to the best of our knowledge, relay protocols 
for the case when the source transmits with fixed rate but the relay can adjust its rate to the channel 
conditions have not been proposed before. 

B. Contributions 

In this paper, we consider the simple three-node relay network with a half-duplex decode-and-forward 
relay, which is equipped with a buffer, and assume that the direct source-destination link is not available 
for transmission. We assume that both the source-relay and the relay-destination links are affected by 
fading. Depending on the availability of CSIT at the transmitting nodes (or their capability of using 
more than one modulation/coding scheme), we consider two different modes of transmission for the 
relay network: Fixed rate transmission and mixed rate transmission. In both modes of transmission, 
each codeword spans one time slot. In fixed rate transmission, the destination acquires full CSI of both 
links and selects the link used for transmission, wheareas the node selected for transmission (source or 
relay) does not have CSIT and transmits with fixed rate. In contrast, in mixed rate transmission, the 
relay obtains full CSI of both involved links and performs link selection. If the relay is selected for 
transmission, it exploits its CSIT knowledge and transmits with variable rate to avoid outages. However, 
the source still transmits with fixed rate to avoid the need for CSIT acquisition. 

To explore the performance limits of the proposed fixed rate and mixed rate transmission schemes, we 
consider first transmission without delay constraints and derive the corresponding optimal buffer-aided 
relaying protocols. Since in practice it is desirable to limit the transmission delay, we also introduce 
modified buffer-aided relaying protocols for delay constrained transmission. In particular, we make the 
following main contributions: 
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• For fixed rate and mixed rate transmission without delay constraints, we derive the optimal buffer- 
aided relaying protocols which maximize the achievable throughput of the considered three-node 
relay network employing a half-duplex relay with a buffer of infinite size. 

• For fixed rate transmission, we show that in Rayleigh fading the optimal buffer-aided relaying 
protocol with adaptive link selection achieves a diversity gain of two and a diversity-multiplexing 
tradeoff of DM{r) = 2(1 — 2r), where r denotes the multiplexing gain. 

• For mixed rate transmission, we show that a multiplexing gain of one can be achieved with buffer- 
aided relaying with and without adaptive link selection implying that there is no multiplexing gain 
loss compared to ideal full-duplex relaying. 

• For fixed rate and mixed rate transmission with delay constraints, in order to control the average 
delay, we introduce appropriate modifications to the buffer-aided relaying protocols for the delay 
unconstrained case. Surprisingly, for fixed rate transmission, the full diversity gain is preserved as 
long as the tolerable average delay exceeds three time slots. For mixed rate transmission with an 
average delay of E{T} time slots, a multiplexing gain of r = 1 — 1/{2E{T}) is achieved. 

C. Organization 

The remainder of this paper is organized as follows. In Section HIl the system model of the considered 
three-node relay network is presented. In Sections Ull] and |lVl we introduce the proposed buffer-aided 
relaying protocols for delay unconstrained and delay constrained fixed rate transmission, respectively. 
Protocols for delay unconstrained and delay constrained mixed rate transmission are proposed and 
analyzed in Section |Vl The derived analytical results and relay protocols are verified and illustrated 
with numerical examples in Section |VIl and some conclusions are drawn in Section IVIII 

II. System Model and Benchmark Schemes 

We consider a three-node wireless network comprising a source S, a half-duplex decode-and-forward 
relay TZ, and a destination V, cf. Fig. [U The source can communicate with the destination only through 
the relay, i.e., there is no direct S-V link. The source sends codewords to the relay, which decodes 
these codewords, possibly stores the decoded information in its buffer, and eventually sends it to the 
destination. We assume that time is divided into slots of equal lengths and every codeword spans one 
time slot. Throughout this paper, we assume that the source node has always data to transmit. Hence, 
the total number of time slots, denoted by N, satisfy N ^ oo. Furthermore, unless specified otherwise, 
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we assume that the buffer at the relay is not limited in size. The case of limited buffer size will be 
investigated in Sections |Wl and IV-D[ 

A. Channel Model 

In the ith time slot, the transmit powers of source and relay are denoted by Vs{i) and Vnii), 
respectively, and the instantaneous squared channel gains of the S-TZ and TZ-V links are denoted by hs{i) 
and hR{i), respectively. hs{i) and hji{i) are modeled as mutually independent, non-negative, stationary, 
and ergodic random processes with expected values fig = E{hs{i)} and CIr = E{hfi{i)}, where E{-} 
denotes expectation. We assume that the channel gains are constant during one time slot but change 
from one time slot to the next due to e.g. the mobility of the involved nodes and/or frequency hopping. 
We note that for most results derived in this paper, we only require hs{i) and hji{i) to be not fully 
temporally correlated, respectively. However, in some cases, we will assume that hs{i) and hji{i) are 
temporally uncorrelated, respectively, to facilitate the analysis. 

The instantaneous SNRs of the S-TZ and TZ-V channels in the ith time slot are given by s(i) = 
ls{^)hs{^) and r(z) = -fR{i)hji{i), respectively. Here, -fs{i) = T^s{i)l(^l^ and 7r(z) = P7^(0/^^nc 
denote the average transmit SNRs of the source and the relay, respectively, and cr^^ and cr^^ are the 
variances of the additive white Gaussian noise (AWGN) at the relay and the destination, respectively. 
The average link SNRs are denoted by Vis — E{s{i)} and 0.^ = E{r{i)}. 

Furthermore, for concreteness, we specialize some of the derived results to Rayleigh fading. In this 
case, the probability density functions (pdfs) of s{i) and r{i) are given by fs{s) = e~^/^^ /Vts and fr{r) = 
e~^'/^R /Hr, respectively. Similarly, the pdfs of hs{i) and hR{i) are given by fhsi^s) = e~'^'^^^^ /Cls and 
fhnihn) = e-^^'^R/nn, respectively. 

B. Link Adaptive Transmission Protocol 

In the proposed link adaptive transmission protocol, in a given time slot i, the relay or the destination 
node acquire knowledge of the instantaneous SNRs s{i) and r{i), and based on this knowledge make 
a decision whether the source or the relay should transmit. Since the noise variances 0"^.^^ and cr^^^ are 
constant, we assume that they are known at both the relay and the destination. Thus, the main challenge 
for buffer-aided adaptive link selection lies in the acquisition of hs{i) and hji(i). Depending on whether 
the relay or the destination acquire hs{i) and hji(i), we consider two different transmission modes. 
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1) Fixed Rate Transmission: In the first case, the destination acquires the CSI of both links. Thereby, 
the destination estimates first the product hs{i)hji{i) based on pilots emitted by the source and forwarded 
by the relay, and subsequently hji{i) based on pilots emitted by the relay. An estimate for hs{i) can 
then be obtained at the destination based on the estimates for hs{i)hR{i) and hnii). The relay also 
uses the pilots emitted by the source to estimate hs{i), which is required for coherent detection at 
the relay. However, source and relay do not have CSIT, i.e., source and relay do not know hs{i) and 
hjiii), respectively. Therefore, both nodes can transmit only with predetermined fixed rates 5*0 and 
Rq, respectively, and cannot perform power allocation, i.e., the transmit powers are a priori fixed as 
'T^s{i) = 'Ps and Vnii) = Vn, Vi. In any given time slot, the destination decides which node is selected 
for transmission based on the buffer-aided protocol proposed in Section Hill 

2) Mixed Rate Transmission: In the second case, the relay decides which node is selected for 
transmission. To this end, the relay acquires the CSI of both links based on pilot symbols emitted by 
source and relay and the assumption of channel reciprocity. To enable coherent detection, the destination 
also estimates h^iii) based on pilots emitted by the relay. Since the relay knows hji{i), it can adjust its 
transmission rate and transmit power Vnii) to avoid outages on the TZ-V link. However, the source still 
has to transmit with fixed rate Sq and fixed power Vs as it does not know the CSI of the S-TZ channel. 

For both modes of transmission, since the node selecting the transmitting node has the CSI of both 
links and also knows Sq and Rq, it can determine a priori whether Sq and Rq will exceed the channel 
capacity of the S-TZ and the TZ-V links, respectively. Therefore, if this happens, i.e., if the source (relay) 
is selected to transmit and the S-TZ (TZ-V) channel is in outage, the node making the selection informs the 
source (relay) to remain silent and an outage event occurs. Once the decision regarding the transmitting 
node has been made, the node making this decision broadcasts it to the remaining nodes and transmission 
in time slot i begins. The optimization of the buffer- aided link selection protocol for fixed and mixed 
rate transmission will be discussed in Sections UlI] and |Vl respectively. 

Remark 1: We note that in terms of CSI requirements and feedback overhead, the buffer-aided link 
selection protocols proposed in this paper are very similar to existing relaying protocols, such as the 
opportunistic protocol proposed in lfT2l . Namely, the protocol proposed in [[T2ll requires the relays to 
acquire the instantaneous CSI of the S-TZ and TZ-V links. Furthermore, a few bit of information are fed 
back from the relays to both the source and the destination. 
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C. Queue at the Relay 

Crucial for derivation of the proposed link selection protocols is a clear understanding of the dynamics 
of the queue in the buffer of the relay. In the following, for convenience, we normalize the number of 
bits transmitted in one time slot to the number of symbols per time slot. Thus, throughout the remainder 
of this paper, when we refer to the number of bits, we mean the number of bits normalized by the 
number of symbols in a codeword. 

If the source is selected for transmission in time slot i and an outage does not occur, i.e., log2 (l + 
s{i)) > 5*0, it transmits with rate Ssnii) = Sq. Hence, the relay receives So data bits from the source 
and appends them to the queue in its buffer. The number of bits in the buffer of the relay at the end of 
the i-th time slot is denoted by Q{i) and given by 

Q{i)=Q{z-l) + So. (1) 

If the source is selected for transmission but the S-TZ link is in outage, i.e., log2 (l+s(i)) < 5*0, the source 
remains silent, i.e., Ssnii) = 0, and the queue in the buffer remains unchanged, i.e., Q{i) = Q{i — 1). 

For fixed rate transmission, if the relay is selected for transmission in time slot i and transmits with 
rate Rq, an outage does not occur if log2 (l + > Rq. In this case, the number of bits transmitted 
by the relay is given by 

Rnvii) =mm{Ro,Qit-l)}, (2) 

where we take into account that the maximum number of bits that can be send by the relay is also 
limited by the number of bits in its buffer. The number of data bits remaining in the buffer at the end 
of time slot i is given by 

Q{^) = Qi^-l)-R^^v(^), (3) 

which is always non-negative because of Q. If the relay is selected for transmission in time slot i but 
an outage occurs, i.e., logg (l + r(z)) < Rq, the relay remains silent, i.e., Rnv{i) = 0, while the queue 
in the buffer remains unchanged, i.e., Q(i) = Q{i — 1). 

For mixed rate transmission, the relay is able to adapt its rate to the capacity of the IZ-V channel, 
log2(l + r(z)), and outages are avoided. If the relay is selected for transmission in time slot i, the number 
of bits transmitted by the relay is given by 

Rnvit) = min{log2(l + r{i)), Q{i - 1)}. (4) 
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The number of data bits remaining in the buffer at the end of time slot i is still given by (|3]) where 
Rv,v{i) is now given by dU. 

Furthermore, because of the half-duplex constraint, for both fixed and mixed rate transmission, we 
have R-jivii) = and SsTz{i) = if source and relay are selected for transmission in time slot i, 
respectively. 

D. Link Outages and Indicator Variables 

For future reference, we introduce the binary link outage indicator variables Os(z) G {0, 1} and 
Oii{i) G {0, 1} defined as 



respectively. In other words, Os{i) = indicates that for transmission with rate Sq, the S-TZ link is in 
outage, i.e., log2(l + s{i)) < So, and Osii) = 1 indicates that the transmission over the S-TZ channel 
will be successful. Similarly, 0/j(i) = indicates that for transmission with rate Rq, the TZ-V link is 
in outage, i.e., log2(l + < Rq, and On^i) = 1 means that an outage will not occur. Furthermore, 
we denote the outage probabilities of the S-TZ and TZ-V channels as Ps and Pr, respectively. These 
probabilities are defined as 




(5) 



and 




(6) 



1 ^ 

P5= lim i^yii 



Os{i)) = Pt{s{i) < 2^" - 1} 



(V) 



1=1 



and 



1 ^ 
A lijn - V (1 



0^(i)) = Pr{r(z) < - l} 



(8) 



i=l 



respectively. 



E. Performance Metrics 

In this paper, we adopt the throughput and the outage probability as performance metrics. 
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Assuming the source has always data to transmit, for both fixed and mixed rate transmission, the 
average number of bits that arrive at the destination per time slot is given by 

1 ^ 

N^oo iV 

1=1 

i.e., T is the throughput of the considered communication system. 

The outage probability is defined as the probability that the instantaneous channel capacity is unable 
to support some predetermined fixed transmission rate. In the considered system, an outage does not 
cause information loss since the node performing link selection knows in advance whether or not the 
selected link can support the chosen transmission rate and inform the transmitting node accordingly. 
Nevertheless, outages still affect the achievable throughput negatively. In fact, the outage probability 
can be interpreted as the fraction of the throughput lost due to outages. Thus, denoting the maximum 
throughput of a system in the absence of outages by tq and the throughput in the presence of outages 
by r, the outage probability, Fout, can be expressed as 

i^out = 1 - - . (10) 

To 

Note that maximizing the throughput is equivalent to minimizing the outage probability. 

F. Performance Benchmarks for Fixed Rate Transmission 

For fixed rate transmission, two conventional relaying schemes serve as performance benchmarks 
for the proposed buffer-aided relaying scheme with adaptive link selection. In contrast to the proposed 
scheme, the benchmark schemes employ a predetermined schedule for when source and relay transmit 
which is independent of the instantaneous link SNRs. 

In the first scheme, referred to as Conventional Relaying 1 (see also [[T6l ). the source transmits in 
the first time slots, where < ,^ < 1 and each codeword spans one time slot. The relay tries to 
decode these codewords and, if the decoding is successful, it stores the corresponding information bits 
in its buffer. In the following (1 — time slots, the relay transmits the stored information bits to 
the destination, transmitting one codeword per time slot. Assuming that for the benchmark schemes 
source and relay transmit codewords having the same rate, i.e., 5*0 = Rq, the throughput of Conventional 
Relaying 1 is obtained as 

r«jv N ^ 

r,t;^i = Jim -min<^5^i?o05(z) , J] RoOr{i)\ 

I i=l i=iN+l ) 

= i?omin{e(l-P5) , (1-0(1 -^/?)}- (11) 
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The throughput is maximized if ^(1— P5) = (1— ^)(1 — Pr) holds or equivalently if^ = (1 — Pr)/(2 — 
Ps — Pr)- Inserting ^ into (fTTI) we obtain the maximized throughput as 

fixed p (1 ~ Ps)^^ - Pr) .-.r,. 

^conv,l = ^0 2- Pg- Pr ' 

The maximum throughput in the absence of outages is tq = Ro/2, hence using (flOl) . the corresponding 
outage probability is obtained as 

pfixed _ 1 ~ Ps)^^ ~ Pr) /ion 

-^out,conv,l ~ o D D ■ ^ ^ 

— — ^R 

In the second scheme, referred to as Conventional Relaying 2, in the first time slot, the source transmits 
one codeword and the relay receives and tries to decode the codeword. If the decoding is successful, in 
the second time slot, the relay retransmits the information to the destination, otherwise it remains silent. 
The throughput of Conventional Relaying 2 is obtained as 

1 H 
^^2= lim -J2RoOsi2t-l)ORi2t) = ^{l-Ps)il-Pn). (14) 

i=l 

Based on (flOl ) the corresponding outage probability is given by 

i^outlnv,2 = 1 - (1 - P5)(l - Pr). (15) 

We note that r^^on'^^li ^ 'rco™v,2 (-^out^conv.i ^ -^o1™conv.2) always holds. However, in order for Conventional 
Relaying 1 to realize this gain, an infinite delay is required, whereas Conventional Relaying 2 requires 
a delay of only one time slot. 

2^0-1 

For the special case of Rayleigh fading, we obtain from ([7]) and ^ Ps = 1 — e and Pr = 

2-^0-1 

1 — e , respectively. The corresponding throughputs and outage probabilities for Conventional 
Relaying 1 and 2 can be obtained by applying these results in (fT2l) -(fT5l). In particular, in the high SNR 
regime, when 75 = 7^ = 7 cx), we obtain t^^^^^ Ro/2, t^^^^^ Ro/2, and 



i^outxonv.i ^ k^-^ as 7 ^00 (16) 



out,conv,l o 00^ 



^out:conv,2 ^ (2^°-l)-^^-, as 7 ^00 (17) 

ns^R 7 

Hence, for fixed rate transmission, the diversity gain of Conventional Relaying 1 and 2 is one as expected. 
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G. Performance Benchmarks for Mixed Rate Transmission 

We also provide two performance benchmarks with a priori fixed link selection schedule for mixed 
rate transmission. The two benchmark protocols are analogous to the corresponding protocols in the 
fixed rate case. Thus, for Conventional Relaying 1, the source transmits in the first time slots with 
fixed rate 5*0 and the relay transmits in the remaining (1 —^)N time slots with rate R{i) = log2(l +r(i)). 
Thus, the throughput is given by 



mixed _ 
convjl ~ 



J^i^ iV™^ I ' ^ ^og2{l +r{i)) 

I i=i i=m+i 



= min {e(l - Ps)So , (1 - 0^{log2(l + ^W)}} . (18) 
The throughput is maximized if ^ satisfies 

^5-0(1 - Ps) = (1 - 0^{log2(l + rm . (19) 

From (fT9l) , we obtain ^ as 

, ^ E{log,il +rm 

^ So{l-Ps) + E{\og,{l+rm- ^""^ 



Inserting ^ in the left (or right) hand side of (1191 ). leads to the throughput of mixed rate transmission 
under the Conventional Relaying 1 protocol 



.mixed Soil-Ps)E{\og,{l+rm 



(21) 



^"^^'^ Soil-Ps) + E{\og,{l + rm- 
Assuming Rayleigh fading links -E{log2(l + r{i))} is obtained as 

^;{log.(l + rW)} = — (22) 

for fixed transmit powers, where Ei{x) = e~*/tdt, x > 0, denotes the exponential integral function. 
If adaptive power allocation is employed, _E'{log2(l + r{i))} becomes 

E{log2(l + rm = -i-Ei (^) , (23) 



ln(2) 

where Ac is found from the power constraint 

(1 - Pshs + I [y-y) f'^nihR)dhR = 2T. (24) 

J Ac \ c R / 

Here, T denotes the average transmit power in one time slot. In the high SNR regime, where 'js = 1r = 
7 — oo, £'{log2(l + r{i))} ^ 50(1 — Ps) holds. Thus, the throughput in (|2T)) converges to 

TcoSi^^o, as7^oo, (25) 
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which leads to the interesting conclusion that mixed rate transmission achieves a multiplexing rate of 
one even if suboptimal conventional relaying is used. 

For Conventional Relaying 2, the performance of mixed rate transmission is identical to that of fixed 
rate transmission. Since the relay does not employ a buffer for Conventional Relaying 2, even with 
mixed rate transmission, the relay can only transmit successfully all of the received information if 
So < log2(l + r(i)) and has to remain silent otherwise. 

III. Fixed Rate Transmission Without Delay Constraints 

In this section, we investigate buffer-aided relaying with adaptive link selection for fixed rate transmis- 
sion without delay constraints, i.e., the transmission rates of the source and the relay are fixed. We derive 
the optimal link selection protocol and analyze the corresponding throughput and outage probability. The 
obtained results constitute performance upper bounds for fixed rate transmission with delay constraints, 
which will be considered in Section HVl 

A. Problem Formulation 

First, we introduce the binary link selection variable di E {0, 1}. Here, di = 1 indicates that the 
TZ-V link is selected for transmission in time slot i, i.e., the relay transmits and the destination receives. 
Similarly, if rfj = 0, the S-TZ link is selected for transmission in time slot i, i.e., the source transmits 
and the relay receives. 

Based on the definitions of Os{i), OR{i), and di, the number of bits sent from the source to the relay 
and from the relay to the destination in time slot i can be written in compact form as 

Ssn{^) = (1 - d,)Os{i)So (26) 

and 

Rnv{i) = diOnii) min{i?o, - 1)}, (27) 

respectively. Consequently, the throughput in Q can be rewritten as 

1 ^ 

^= 1™ ^y2diOR{i)mm{Ro,Q{i-l)}. (28) 

i=l 

In the following, we maximize the throughput by optimizing the link selection variable di, which 
represents the only degree of freedom in the considered problem. In particular, as already mentioned in 
Section III-B[ since both transmitting nodes do not have the CSI of their respective transmit channels, 
power allocation is not possible and we assume fixed transmit powers Vs{i) = Vs and VTi{i) = Vu, 
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B. Throughput Maximization 

Let us first define the average arrival rate of bits per slot into the queue of the buffer, A, and the 
average departure rate of bits per slot out of the queue of the buffer, D, as [J24!| 

1 ^ 

^- 1™ ^ V(l-d.)05«5o (29) 

i=l 

and 

1 ^ 

^ - 1™ ^ 5^ ^*^«(^) min{i?o, - 1)}, (30) 

i=l 

respectively. We note that the departure rate of the queue is equal to the throughput. The queue is said 
to be an absorbing queue if A > D = r, in which case a fraction of the information sent by the source 
is trapped in the buffer and can never be extracted from it. The following theorem provides a useful 
condition for the optimal policy which maximizes the throughput. 

Theorem 1: The link selection policy that maximizes the throughput of the considered buffer-aided 
relaying system can be found in the set of link selection policies that satisfy 

TV N 

V7 V(l-rf,)05(05'o= lim Vrf.Ofl(^)i?o, (31) 

i=l i=l 

and the throughput is given by the right (or left) hand side of (|3TI) . If (|3TI) holds, the queue is non- 
absorbing but is at the edge of absorption, i.e., a small increase of the arrival rate will lead to an absorbing 
queue. 

Proof: Please refer to Appendix |Al ■ 
Note that the min(-) function in (l28l) is absent in the throughput in (|3TI) . which is crucial for finding 
a tractable analytical expression for the optimal link selection policy. In particular, when (|3T1) holds, 
the event that the relay is selected for transmission and its buffer is empty, i.e., Q{i — 1) < Rq, has a 
negligible effect on the throughput as — oo, since the buffer is practically always fully backlogged. 

According to Theorem [H in order to maximize the throughput, we have to search for the optimal 
policy only in the set of policies that satisfy (|3TI) . Therefore, the search for the optimal policy can be 
formulated as an optimization problem, which for N ^ oo has the following form 

Maximize : ^ Xlili diOR{i)Ro 

di 

Subject to : CI : ^ E.=i(l - d.)Os{^)So = ^ Eti d^OR{^)R, (32) 
C2 - d,) = 0, V^ 
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where constraint CI ensures that the search for the optimal policy is conducted only among those policies 
that satisfy (|3TI) and C2 ensures that rfj G {0, 1}. 

Before we solve problem (|32l) . we note that, as will be shown in the following, the optimal link 
selection policy may require a coin flip. For this purpose, we introduce the set of possible outcomes 
of the coin flip, C G {0, 1}, and denote the probabilities of the outcomes by Pc = Pr{C = 1} and 
Pr{C = 0} = 1 — Pc, respectively. Now, we are ready to provide the solution of (l32l) . which constitutes 
the optimal link selection policy maximizing the throughput. This is conveyed in the following theorem. 

Theorem 2: For the optimal link selection policy maximizing the throughput of the considered buffer- 
aided relaying system for fixed rate transmission, three mutually exclusive cases can be distinguished 
depending on the values of Ps and Pr. 
Case 1: 

In this case, the optimal link selection policy is given by 

^ if Os{i) = 1 AND Or(z) = 
1 if Osii) = AND OR{i) = 1 

if Osii) = 1 AND Or{{} = 1 AND C = (34) 

1 if Os{i) = 1 AND Or(z) = 1 AND C = l 
^ e if Osii) = AND On^i) = 

where e can be set to or 1 as neither the source nor the relay will transmit because both links are in 
outage. On the other hand, if both links are not in outage, i.e., Os{i) = 1 and OR{i) = 1, the coin flip 
decides which node transmits and the probability of C = 1 is given by 

Soil-Ps)-il-PR)PsRo 
^ (1 - Ps){l - Pr){So + Ro) ' ^ ^ 



Based on (1341) . the maximum throughput is obtained as 

'S'o-Ro 



Case 2: 



a ^^-PsPr)- (36) 



^ Ro + SM-Ps) ^''^ 
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In this case, the optimal link selection policy is characterized by 

^ if Os{i) = 1 AND OR{i) = AND C = 
1 if Os{i) = 1 AND Or(z) = AND C = l 
di = I 1 if Os{i) = AND Onii) = 1 
1 if Osii) = 1 AND Or(z) = 1 
£ if Os{i) = AND Onii) = 
The probability of outcome C = 1 of the coin flip is given by 

„ S„(l - Ps)Pr - (1 - Pr)Ro 



or- 

and the maximum throughput can be obtained as 

r = Ro{l 

Case 3: 

Ps> 



Ps)PrSo 



So 



So + Roil-Pn) 

In this case, the link selection policy that maximizes the throughput is given by 

' if Os{i) = 1 AND Onii) = 
if Os{i) = AND OR{i) = 1 AND C = 
di= I 1 if Os{i) = AND Oif (z) = 1 AND C = l 
if Os{i) = 1 AND Onii) = 1 
^ e if Os{i) = AND OR{i) = 
The probability of C = 1 is given by 



c 



and the maximum throughput is 



^o(l - Ps) 
i?o(l-Pi?)P. 



Sn(l-Ps 



(38) 



(39) 



(40) 



(41) 



(42) 



(43) 



(44) 



Proof: Please refer to Appendix |Bl ■ 
Remark 2: We note that in the second line of (l38l) . we set di = 1 although the TZ-V link is in outage 
{Opiii) = 0) while the S-IZ link is not in outage {Os{i) = 1). In other words, in this case, neither node 
transmits although the source node could successfully transmit. However, if the source node transmitted 
in this situation, the queue at the relay would become an absorbing queue. Similarly, in the second line 



17 



of (l42l) . we set di = although the S-TZ link is in outage. Again, neither node transmits in order to 
ensure that condition (|3T1) is met. However, in this case, the exact same throughput as in (|44|) can be 
achieved with a simpler and more practical link selection policy than that in P^ . This is addressed in 
the following lemma. 

Lemma 1: The throughput achieved by the link selection policy in (l42l) can also be achieved with the 
following simpler link selection policy. 
If 

> CT^TW ■ '''' 

a link selection policy maximizing the throughput is given by 

f if Os{i) = 1 
di={ (46) 
[ 1 if Osii) = 

and the maximum throughput is 

r = So{l-Ps). (47) 



Proof: The policy given by (1421) has the same average arrival rate as policy (1461) since for both 
policies the source always transmits when Osii) = 1. Therefore, since for both policies the queue is 
non- absorbing, by the law of conservation of flow, their throughputs are identical to their arrival rates. 
Thus, both policies achieve identical throughputs. ■ 

Remark 3: Note that when Pr > Ro/iRo + ^o(l - Ps)) (Ps > So/iSo + i?o(l - Pr))) holds, the 
throughput is given by (l40l) ((l44l)). which is identical to the maximal throughput that can be obtained 
in a point-to-point communication between relay and destination (source and relay). Therefore, when 
Pr > Ro/iRo + 5'o(l - Ps)) (Ps > So/ (So + Roil - Pr))) holds, as far as the achievable throughput is 
concerned, the three-node half-duplex relay channel is equivalent to the two-node TZ-V (S-TZ) channel. 

For comparison, we also provide the maximum throughput in the absence of outages tq. The throughput 
in the absence of outages, tq, can be obtained by setting Osii) = ORii) = 1, Vi, which is equivalent 
to setting Ps = Pr = in Theorem [21 Then, Case 1 in Theorem [2] always holds and the optimal link 
selection policy is 

% ifC = 

di = { (48) 
1 ifC = l 
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where the probability of C = 1 is given by 



out 



'S'o + -Ro 

Based on (l48l) . the maximum throughput in the absence of outages is 

•JO + -f<o 

The throughput loss caused by outages can be observed by comparing (l36l) . (l40l) . and (l44l) with (l50l) . 

We now provide the outage probability of the proposed buffer-aided relaying scheme with adaptive 
link selection. 

Lemma 2: The outage probability of the system considered in Theorem [2] is given by 

' Pr-{1- Pr)Ro/So , if Pr> Ro/{Ro + 5o(l - Ps)) 

Ps-{l-Ps)So/Ro, if Ps> So/ {So + Roil- Pr)) (51) 
PsPr , otherwise 
Proof: Please refer to Appendix O ■ 
Remark 4: In the proof of Lemma [2] given in Appendix O it is shown that an outage event happens 
when neither the source nor the relay transmit in a time slot, i.e., the number of silent slots is identical 
to the number of outage events. 

In the high SNR regime, when the outage probabilities of both involved links are small, the expres- 
sions for the throughput and the outage probability can be simplified to obtain further insight into the 
performance of buffer-aided relaying. This is addressed in the following lemma. 

Lemma 3: In the high SNR regime, 75 = 7r = 7 — > C)0, the throughput and the outage probability 
of the buffer-aided relaying system considered in Theorem |2l converge to 

'To= e , D ' as 7 -> 00 (52) 
00 + -Ko 



out 



PsPr (53) 



Proof: In the high SNR regime, we have Ps ^ and Pr — )■ 0. Thus, condition (1331) always holds 
and therefore Font is given by (l53l) . Furthermore, as — and Pr — )■ 0, (|36l) simplifies to (|52l) . ■ 



C. Performance in Rayleigh Fading 

For concreteness, we assume in this subsection that both links of the considered three-node relay 
system are Rayleigh fading. We examine the diversity order and the diversity-multiplexing trade-off. 
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Lemma 4: For the special case of Rayleigh fading links, the buffer-aided relaying system considered 
in Theorem [2l achieves a diversity gain of two, i.e., in the high SNR regime, when 75 = 7^ = 7 — )■ cxd, 
the outage probability, -Fout, decays on a log-log scale with slope —2 as a function of the transmit SNR 
7, and is given by 

2'S'o _ \ — 1 1 

^out ^ ^ J, as 7 ^ cx). (54) 

Furthermore, the considered buffer-aided relaying system achieves a diversity-multiplexing trade-off, 

DM{r), of 

DM(r) = 2(1 - 2r), 0<r<l/2. (55) 

Proof: Please refer to Appendix |Dl ■ 
Remark 5: We recall that, for fixed rate transmission, both considered conventional relay schemes 
without adaptive link selection achieved only a diversity gain of one, cf. (fT6l) . (fTVl ). despite the fact 
that Conventional Relaying 1 also entails and infinite delay. Thus, we expect large gains in terms of 
outage probability of the proposed buffer-aided relaying protocol with adaptive link selection compared 
to conventional relaying. 

The performance of the considered system can be further improved by optimizing the transmission 
rates Rq and Sq based on the channel statistics. For Rayleigh fading with given O5 and Or, we can 
optimize Rq and Sq for minimization of the outage probability. This is addressed in the following lemma. 

Lemma 5: Assuming Rayleigh fading, the optimal transmission rates Sq and Rq that minimize the 
outage probability in the high SNR regime, while maintaining a throughput of tq, are given by Rq = 
So = 2ro. 

Proof: The throughput in the high SNR regime is given by (l52l) . which can be rewritten as _Ro = 
'S'oTo/('S'o — ro). Inserting this into the asymptotic expression for F^ut in (|54l) and minimizing it with 
respect to So yields So = Ro = 2ro. ■ 
Remark 6: For Rayleigh fading, although in the low SNR regime, the optimal So and Ro can be 
nonidentical, in the high SNR regime, independent of the values of 0^ and 0^, the minimum Fout is 
obtained for identical transmission rates for both links. Furthermore, in the high SNR regime, when 
75 = 7i? — ^ 00, for 5*0 = Ro, the coin flip probability Pc converges to Pc = Pr{C = 1} = Pr{C = 
0} ^ 1/2. 
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IV. Fixed Rate Transmission With Delay Constraints 

The protocol proposed in Section UlI] does not impose any constraint on the delay that a transmitted bit 
experiences. However, in practice, most communication services require delay constraints. Therefore, in 
this section, we modify the buffer-aided relaying protocol derived in the previous section to account for 
constraints on the average delay. Furthermore, we analyze the effect of the applied modification on the 
throughput and the outage probability. Since we found in the previous section that, for high SNR, the 
source and relay transmission rates should be chosen identical, for simplicity, throughout this section, we 
assume 5*0 = Rq. Furthermore, to facilitate our analysis, throughout this section, we assume temporally 
uncorrelated fading. 

A. Preliminaries 

We define the delay of a bit as the time interval from its transmission by the source to its reception 
at the destination. Thus, assuming that the propagation delays in the S-TZ and TZ-V links are negligible, 
the delay of a bit is identical to the time that the bit is held in the buffer. As a consequence, we can use 
Little's law [|25l and express the average delay as 

E{T} = (56) 

where E{Q} = limAr^oo J2iLi Qi"^)/^ is the average length of the queue in the buffer of the relay and 
A is the arrival rate in bits/slot into the queue as defined in (|29l ). Since E{Q} is given in bits and A is 
given in bits/slot, the average delay E{T} is given in time slots. From (l56l) . we observe that the delay 
can be controlled via the queue size. 

B. Link Selection Protocol for Delay Limited Transmission 

As mentioned before, we modify the optimal link selection protocol derived in Section |ni] in order 
to limit the average delay. However, depending on the targeted average delay, somewhat different 
modifications are necessary, since it is not possible to achieve any desired delay with one protocol. 
Hence, three different link selection protocols are introduced in the following proposition. 

Proposition 1: For fixed rate transmission with delay constraint, depending on the targeted average 
delay E{T} and the outage probabilities Pg and Pr, we propose the following policies: 
Case 1: If Pr < 1/(2 - Ps) and the required delay E{T} satisfies 

""^^^ ^ 1-Pni2-Ps) + l-p!p^(f-P.)' ^''^ 
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we propose the following link selection variable di to be used: 



If Q{i — 1) < -Ro (^f^d Osii) = 1, then di = 0, otherwise di is given by 



(58) 



Case 2: If Pr < 1/(2 - Ps) and the required delay E{T} satisfies 




(59) 



If Q{i — 1) = and Osij) = 1, then di = 0, otherwise di is given by 



(60) 



Case 3: If the required delay E{T} satisfies 



we propose the following link selection variable di to be used: 




(61) 



If Q{i — 1) = and Os{i) = 1, then di = 0, otherwise di is given by 0M . 



(62) 



For each of the proposed link selection variables di, the required delay can be met by adjusting the value 
of Pc = Pr{C = 1}, where the minimum and maximum delays are achieved with Pc = I and Pc = 0, 
respectively. 

Remark 7: The delay limits given by (l57l) . (l59l) . and (|6T1) arise from the analysis of the proposed 
protocols with link selection variables (l58l) . (l60l) . and (|62|) . respectively. We will investigate these delay 
limits in Lemma |7] in Section IIV-CI and the corresponding proof is provided in Appendix [Gl 

Remark 8: We have not proposed a buffer-aided relaying protocol with adaptive link selection that 
can satisfy a required delay smaller than 1/(1 — -Pr). For such small delays, Conventional Relaying 2 
without adaptive link selection can be used. 

C. Throughput and Delay 

In the following, we analyze the throughput, the average delay, and the probability of having k packets 
in the queue for the modified link selection protocols proposed in Proposition [T] in the previous subsection. 
The results are summarized in the following theorem. 

Theorem 3: Consider a buffer-aided relaying system operating in temporally uncorrected block fading. 
Let source and relay transmit with rate Rq, respectively, and let the buffer size at the relay be limited to 
L packets each comprised of Rq bits. Assume that the relay drops newly received packets if the buffer 
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is full. Then, depending on the adopted link selection protocol, the following cases can be distinguished: 
Case 1: If the link selection variable rfj is given by (l58l) . the probability of the buffer having k packets 
in its queue, Fr{Q = kRo}, is obtained as 



Pr{Q = kRo} 



P^-M2p+<?-i)(Ps-g) . 7, _ n 

pi^-^2p{l-q)+qi2-q)-Psi2~-Ps))~[l~p~q)^-Hl~Psr' ^ 



p^-l(2p+(?-l)(l-Ps) 



pL-H2p{l-q)+q(2-q)-Ps{2-Ps))-(l-p-q)L~Hl-Ps)''' 

P^-'''(2p+g-l)(l-Pg)^(l-p-9)fc-^ 7 _ r, r 

pL-H2p(l-q)+q{2-q)-Ps{2-Ps))-{l-p-q)^-Hl-Psr' ^■■■^ 



k = 1 (63) 



where p and q are given by 

p={l-Ps)il-PR)Pc + Psil-PR) and q = PsPR. (64) 

Furthermore, the average queue length, E{Q}, the average delay, E{T}, and throughput, r, are given 
by 

1-Ps 



E{Q} = i?o 



2p + q-l 



p^-i {{2p + qY-p-q- Ps{3p + g - I)) - (I - p,)(l - p - qf-\L{2p + q - I) + p) 

p^~\2p{l - g) + (2 - q)q - (2 - Ps)Ps) - (1 - ^5)^(1 ~p- q)"^^' ^ ^ 

E{T} ^ 



2p + q - 1 



p^'i ((2p + qY - PsjSp + q-l)~p-q)-il-Ps)il-p- g)^^^(L(2p + q - 1) + p) 



^ (1 - Pg)p(l - p - g)^"^ + p'^-^Psjl -p-q) + q{2p + q) - P - q) 

^ ^ '^p^-\{2-Ps)Ps-2p{l-q)-{2-q)q) + {l-PsY{l-p-q)^-^- ^ 

Case 2: If link selection variable di is given by either (l60l) or (|62|) . the probability of the buffer having 

k packets in its queue, PrjQ = kR^}, is given by 



p^(2p+9-l) h = Vi 

L^2p+q-Ps)-(^l-Ps)(l-p-q)^^ 

(l-Ps)(2p+g-l)p^-''(l-p-g)'=-i , ^ . . ^ ^ 

pi(2p+q-Ps)-{l-J's)(l-p-g)^ ' 1 . . . ^ 

where, if link selection variable di is given by (l60l) . p and g are given by (|64|) . while if link selection 
variable rfj is given by (|62l) . p and g are given by 



1^=1 -Pfi and g = P^Pfi + (1 - Ps)PflPc. 



(69) 
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Furthermore, the average queue length, E{Q}, the average delay, E{T}, and throughput, r, are given 
by 

F/nl = 1-Ps p^+i-(l-p-g)^(L(2p + g-l)+p) 

°2p + g-lp^(2|) + g-P5)-(l-i'5)(l-p-g)^ 



^ry. ^ 1 1 p^+i - (1 - p - g)^(L(2p + q-l)+p) ^^^^ 

2p + q — Ip p^ — (1 — p — q)^ 



on P ^ p^ -{l-p-q)^ 

r = Ro{l - Ps)P , 7^ ^^7^ w ■ (72) 

p^(2p + q- Ps)-[l- Ps)[l-p- qr 

Proof: Please refer to Appendix |El ■ 
Due to their complexity, the equations in Theorem [3] do not provide much insight into the performance 
of the considered system. To overcome this problem, we consider the case L ^ 1, which leads to 
significant simplifications and design insight. This is addressed in the following lemma. 

Lemma 6: For the system considered in Theorem [3l assume that L — t- oo. In this case, for a system 
with link selection variable di given by (|58] ). (|601 ). or (|62l ) to be able to achieve a fixed delay, E{T}, 
that does not grow with L as L — oo, the condition 2p + q — 1 > must hold. If 2p + q — 1 > holds, 
the following simplifications can be made for each of the considered link selection variables: 
Case 1: If the link selection variable di is given by (l58l) . the probability of the buffer being empty, the 
average delay, E{T}, and throughput, r, simplify to 

PriO-nl - P 2Pc{^-PR)i^-Ps) + i2-Pn)Ps-l 

"^'^^-'^ - 2Pa{l - Ps){l - PsP.) + Plil - Pn) ^''^ 



E{T} 



1 



2Pcil - Pr){1 - Ps) - PrPs + ^Ps 



+ ^Pc(^-Ps) 

PI{Pc{2Pr-1)-Pr + 1)-2PcPrPs + Pc 



PiiPc{2PR - 1) - + 1) - 2PcPrPs + Pi 



2Pc{1-Ps){1-PsPr) + {1-Pr)PI ' ^ 



Case 2: If the link selection variable di is given by (|60l) . the probability of the buffer being empty, the 
average delay, E{T}, and throughput, r, simplify to 

Prig = 01 = 2Pc(1-Pk)(1-P5) + P.(2-Pk)-1 

^ {l-PR)iPs + 2Pa{l-Ps)) ^ ^ 

^^^^ ^ 2Pc(l - Pr){1 - Ps) - PrPs + 2Ps - 1 ^'^^^ 
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Case 3: If the link selection variable di is given by (|62l ). the probability of the buffer being empty, the 
average delay, E{T}, and the throughput, r, simplify to 

Pr|g = 0| = 1 - ^^(2 -Ps- Pcjl - Ps)) 

^ 2-Ps-Ph{2-Ps-Pc{1-Ps)) ^ ^ 

^^^^ - 1-P.i2-Ps-Pcil-Ps)) '''' 
— D ^ PsPr - Pr- Ps .q-.. 

' - '^'2-Ps-Pni2-Ps-Pc{l-Ps)r ^^'^ 
For each of the considered cases, the probability Pc can be used to adjust the desired average delay 

E{T} in dll, dn]), and 

Proof: Please refer to Appendix IB ■ 
As already mentioned in Proposition [H it is not possible to achieve any desired average delay with the 
proposed buffer- aided link selection protocols. The limits of the achievable average delay for each of 
the proposed link selection variables di in Proposition \T\ are provided in the following lemma. 

Lemma 7: Depending on the adopted link selection variable di the following cases can be distinguished 
for the average delay: 

Case 1: If link selection variable di is given by (l58]), then if Pr < 1/(2 - Ps) and Ps < 1/(2 - Pr), 
the system can achieve any average delay E{T} > Tmin,!, where Tmin,! is given by 

imi„,i i_p^^2-Ps)^ l-PsPR{2-Psy ^ ^ 

On the other hand, if Pr < 1/(2 — Ps) and Pg > 1/(2 — Pr), the system can achieve any average delay 
in the interval T^in,! < E{T} < T^ax,!, where T^ax,! is given by 

^--'1 = P^(2-P^)-l- ^^^^ 
Case 2: If the link selection variable di is given by then if P/j < 1 /(2 - Ps) and P5 < 1 /(2 - Pr), 
the system can achieve any average delay E{T} > Tmin,2, where T^m,2 is given by 

Tmm,2 = ,_pJ^2-Ps)- ^^^^ 
However, if Pr < 1/(2 — P5) and Ps > 1/(2 — Pr), the system can achieve any average delay 

^min,2 ^ E{T} < Tjnax,2? whcrC Tmax,2 = ^max,l- 

Case 3: If the link selection variable di is given by (l62l) . then if Pr > 1/(2 — Ps), the system can 
achieve any average delay E{T} > Tmin.a, where Tmin.a is given by 

^min.s = 7^- (85) 

J- — -TR 
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On the other hand, if Pr < 1/(2 — Ps), the system can achieve any average delay T^in,3 < E{T} < 

^max,35 where Tuiax.S = ^min,2- 

Proof: Please refer to Appendix [Gl ■ 
In the following, we investigate the outage probability of the proposed buffer-aided relaying protocol 
for delay constrained fixed rate transmission. 

D. Outage Probability 

The following theorem specifies the outage probability. 

Theorem 4: For the considered buffer-aided relaying protocol in Proposition [H if the required delay 
can be satisfied by using the link selection variable dj in either (l58l) or (l60l) . the outage probability is 
given by 

Fo,t = PsPT{Q = 0} + PsPR{l-Pr{Q = 0}-PT{Q = LRo}) 

+ ((1 - Ps)Pr + (1 - PsPr){1 - Pc))MQ = LRo}, (86) 

where if rfj is given by (|58]) , Ft{Q = 0} and Pr{Q = LRq} are given by (|63] ) with p and q given by 
(|64|) . On the other hand, if di is given by (l60l), Pt{Q = 0} and Fi{Q = LRq} are given by dM) with p 
and q given by (|64|) . 

If the required delay is satisfied by using the link selection variable di given by (|62|) . then the outage 
probability is given by 

Fout = PsMQ = 0} + PsPr{1-MQ = 0}-MQ = LRo}) 

+ (1 - Ps)Pr{1 - Pc)Pt{Q = LRo}, (87) 

where Pr{Q = 0} and Pr{Q = LRq} are given by (l60l) with p and q given by (|69| ). 

Proof: Please refer to Appendix |Hl ■ 
The expressions for Fout in Theorem |4] are valid for general L. However, significant simplifications are 
possible if L ^ 1. This is addressed in the following lemma. 

Lemma 8: When L — )■ oo, the outages probability given by (f86l) and (l87l) simplifies to 

Fo,t = PsPt{Q = 0} + PsPr{1-Ft{Q = 0}) (88) 

where Pt{Q = 0} is given by dTS]), (|76l), and ([791) if di is given by ([58]), ([601), and ([621), respectively. 
Proof: Eq. dMl) is obtained by letting Fr{Q = LRq} when L cx) in dHU) and dHT]). ■ 



26 



The expression for the outage probability in ([88] ) can be further simplified in the high SNR regime, 
which provides insight into the achievable diversity gain. This is summarized in the following theorem. 

Theorem 5: In the high SNR regime, when 75 = 7/j = 7 — )■ oo, depending on the required delay that 
the system has to satisfy, two cases can be distinguished: 
Case 1: If 1 < E{T} < 3, the outage probability asymptotically converges to 

Ps 

Font E^j^^^i ^ as 7 ^ 00. (89) 
Case 2: If E{T} > 3, the outage probability asymptotically converges to 

Fout ^ ^ + PsPr, as 7 ^ 00. (90) 

Eu I - 1 

Therefore, assuming Rayleigh fading, the considered system achieves a diversity gain of two if and only 

if E{T} > 3. 

Proof: Please refer to Appendix HI ■ 
According to Theorem [51 for Rayleigh fading, a diversity gain of two can be also achieved for delay 
constrained transmission, which underlines the appeal of buffer-aided relaying with adaptive link selection 
compared to conventional relaying, which only achieves a diversity gain of one even in case of infinite 
delay (Conventional Relaying 1). 

V. Mixed Rate Transmission 

In this section, we investigate buffer-aided relaying protocols with adaptive link selection for mixed 
rate transmission. In particular, we assume that the source does not have CSIT and transmits with fixed 
rate Sq but the relay has full CSIT and transmits with the maximum possible rate, R{i) = log2(l + r(i)), 
that does not cause an outage in the TZ-V channel. For this scenario, we consider first delay unconstrained 
transmission and propose link adaptive buffer-aided relaying protocols with and without power allocation. 
Subsequently, we investigate the impact of delay constraints. 

Before we proceed, we note that for mixed rate transmission the throughput can be expressed as 

1 ^ 

^= ^y;c^.min{log2(l + r(z)),Q(z-l)}, (91) 

1=1 

where we used ([J) and ([9]). For the derivation of the maximum throughput of buffer- aided relaying with 
adaptive link selection the following theorem is useful. 
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Theorem 6: The link selection policy that maximizes the throughput of the considered buffer-aided 
relaying system for mixed rate transmission can be found in the set of link selection policies that satisfy 

1 ^ 1 ^ 

lim - ^(1 - d,)Os{^So = lim ^ 5] \og,{l + r{z)) . (92) 

4=1 i=l 

Furthermore, for link selection policies within this set, the throughput is given by the right (or left) hand 
side of (HH). 

Proof: A proof of this theorem can obtained by replacing Oji{i)Ro by log2(l + r{i)) in the proof 
of Theorem \T\ given in Appendix |Al ■ 
Hence, similar to fixed rate transmission, for the set of policies considered in Theorem |6l for — )• oo, 
the buffer at the relay is practically always fully backlogged. Thus, the min(-) function in (|9T| ) can be 
omitted and the throughput is given by the right hand side of (|92l ). 



A. Optimal Link Selection Policy Without Power Allocation 

Since the relay has the instantaneous CSI of both links, it can also optimize its transmit power. 
However, to get more insight, we first consider the case where the relay transmits with fixed power. We 
note that power allocation is not always desirable as it requires highly linear power amplifiers and thus, 
increases the implementation complexity of the relay. 

According to Theorem [6l the optimal link selection policy maximizing the throughput can be found 
in the set of policies that satisfy (|92l) . Therefore, the optimal policy can be obtained from the following 
optimization problem 

Maximize : ^ Xlili logg (l + r{i)) 

Subject to: Cl:^j:l,{l-di)Os{t)So = j^ELd,log,{l+rit)) (93) 
C2 -rfi) = Vi 

where — oo, constraint CI ensures that the search for the optimal policy is conducted only among 
the policies that satisfy (|92l) , and C2 ensures that di G {0, 1}. The solution of (|93l) leads to the following 
theorem. 

Theorem 7: Let the pdfs of s{i) and r(i) be denoted by fs{s) and fr{r), respectively. Then, for the 
considered buffer-aided relaying system in which the source transmits with a fixed rate 5*0 and fixed 
power Vs, and the relay transmits with an adaptive rate R{i) = log2(l + r{i)) and fixed power V-ji, two 
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cases have to be distinguished for the optimal link selection variable di, which maximizes the throughput: 
Case 1: If 

5*0 



So + log2(l + r)fr{r)dr 



(94) 



holds, then 



di 







(95) 



1 ifOsit) 

1 if Os{i) = 1 AND r{i) > 2^^^^ - 1 
if Os{i) = 1 AND r(z) < 2^^° - 1 , 
where p is a constant which can be found as the solution of 

^2P^0-l poo POO 

Soil-Ps) fr{r)dr = Ps \og2{l + r)fr{r)dr + {l-Ps) Xog^il + r)fr{r)dr . (96) 

The maximum throughput is given by the right (or left) hand side of (l96l) . 
Case 2: If ([941) does not hold, then 

' if Os{t) 
1 ifOsW 

In this case, the maximum throughput is given by 



di 



1 




(97) 



T = So{l-Ps). (98) 

Proof: Please refer to Appendix HI ■ 
We note that with mixed rate transmission the S-IZ link is used only if it is not in outage, cf. (|95] ), 
(|971) . On the other hand, the IZ-V is never in outage since the transmission rate is adjusted to the channel 
conditions. Furthermore, buffer-aided relaying with adaptive link selection has a larger throughput than 
Conventional Relaying 1, and also achieves a multiplexing gain of one. 

To get more insight, we specialize the results derived thus far in this section to Rayleigh fading links. 



Lemma 9: For Rayleigh fading links, condition (1941 ) simplifies to 



Ps = 1 — exp 

Furthermore, (|96l) simplifies to 

2So _ 1 



2^0 



< 



So 



So exp 



1 — exp 



5o + eVf^«Ei(l/fi^)/ln(2)- 
2^0 _ 



+ exp 



El 



exp 



H2) 

2pSo . 



1 — exp 



s 



n 



R 



n / 2^°-r , 

exp I ^ ) pSo 



(99) 



(100) 
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and the maximum throughput is given by the right (or left) hand side of (llOOl ). If (|99l) does not hold, 
the throughput can be obtained by simplifying (|98| ) to 



Proof: Equations (|99l)- (|101| ) are obtained by inserting the pdfs of s{i) and r{i) into (|94l ). (|96l) . and 
(1981 ). respectively. ■ 

B. Optimal Link Selection Policy with Power Allocation 

As mentioned before, since for mixed rate transmission the relay is assumed to have the CSI of both 
links, power allocation can be applied to further improve performance. In other words, the relay can 
adjust its transmit power Vnii) to the channel conditions while the source still transmits with fixed 
power Vs{i) = Vs, Vi. In the following, for convenience, we will use the transmit SNRs without fading, 
75 and 7i?(i), which may be viewed as normalized powers, as variables instead of the actual powers 

Vs = ls(^lj, and Vnii) = lRii)c^nn- 

For the power allocation case. Theorem [6] is still applicable but it is convenient to rewrite the throughput 

as 

N 



i=l 

We note that (|92| ) also applies to the case of power allocation. Furthermore, in order to meet the average 
power constraint F, the instantaneous (normalized) power 7r(?) and the fixed (normalized) power 75 
have to satisfy the following condition: 

TV N 

M - d^)Os(ths + lim ^ 5^ daR(^) < T. (103) 

Thus, the optimal link selection policy for mixed rate transmission is the solution of the following 
optimization problem: 



Maximize : ^ Y.i=i log2 (l + 7ij(^)^i?(0) 
Subject to : CI : ^ Ej=i(l " di)Osii)So = ^ Xlii di logg (l + 7jj(z)/ir(z)) 

C3 : ^ Ef=i(i - d.)Os{t)is + jr Ef=i d^M^ < r 



(104) 
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where N oo, constraints CI and C3 ensure that the search for the optimal policy is conducted only 
among those policies that jointly satisfy (|92| ) and the source-relay power constraint (11031) . respectively, 
and C2 ensures that rfj G {0, 1}. The solution of (11041) is provided in the following theorem. 

Theorem 8: Let the pdfs of hs{i) and hji(i) be denoted by fhsihs) and /^^(/lij), respectively. Then, 
for the considered buffer-aided relaying system where the source transmits with a fixed rate Sq and fixed 
power 75 and the relay transmits with adaptive rate R{i) = log2(l + r{i)) = log2(l + 'yR{i)hji{i)) and 
adaptive power 7if(i), two cases have to be considered for the optimal link selection variable di which 
maximizes the throughput: 
Case 1: If 

*S'o 

~ 5*0 + \og2{hR/Xt)fhn{hR)dhR 
where \t is found as the solution to 

Psj^ (^-^^-^^ fhMdhR + jsil-Ps) = r, (106) 

then the optimal power 7ij(?) and link selection variable di which maximize the throughput are given 
by 

7i^(^) = max|o,|--^l, (107) 



A hR{i) 



and 



di 



1 if Osit) = AND hR{t) > X 

1 if Os(t) = 1 AND hRiz) > A AND In (^) + ^ > p^o - A75 + 1 
if Os{i) = 1 AND hR{i) < A (108) 
if Os{t) = 1 AND hR{^ > A AND In + ^ < p^o - A7S + 1 

£ if Osii) = AND hR{i) < A 
where e is either or 1 and has not impact on the throughput. Constants p and A are chosen such that 
constraints CI and C3 in (|104l) are satisfied with equality. These two constants can be found as the 
solution to the following system of equations 



G 



Ps l0g2 (^y ) UMdhR + (1 - Ps) log2 



Soil - Ps) / hMdhR = Ps I log2 ( ^ ) UMdhR + (1 - Ps) I log. ( ^ ) hMdhR 



A 



(109) 
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Ps Q - fhMdhn + (1 - Ps) £ Q - ^) fhMdhR 

+js{l-Ps) r fhMdhR = T (110) 







where the integral limit G is given by 

^ " ~P7{_eA7s-p5o-i} • ^^^^^ 
Here, denotes the Lambert H^-function defined in Il26ll . which is available as built-in function in 

software packages such as Mathematica. The maximized throughput is given by the right (or left) hand 
side of (fT09l) . 

Case 2: If (11051) does not hold, the optimal power ^R{i) and link selection variable di are given by 

7fi(z) = max|o,i--^| , ifO5W = 0; (112) 

, if Os{t) = 1 
d^={ (113) 

1 ifO5(^) = 

where A = is the solution to (11061) . The maximum throughput is given by 

T = So{l-Ps). (114) 

Proof: Please refer to Appendix [H ■ 
Remark 9: Note that when conditions ( |94| ) and (11051) do not hold, the throughput with and without 
power allocation is identical, cf. (|98l) and (II 141) . If conditions (|94l) and (11051 ) do not hold, this means that 
the SNR in the S-TZ channel is low, whereas the SNR in the TZ-V channel is high. In this case, power 
allocation is not beneficial since the S-TZ channel is the bottleneck link, which cannot be improved 
by power allocation at the relay. Furthermore, the throughput in (|98l) and (II 141) is identical to the 
throughput of a point-to-point communication between the source and the relay since the number of 
time slots required to transmit the information from relay to destination becomes negligible. Therefore, 
in this case, as far as the achievable throughput is concerned, the three-point half-duplex relay channel 
is transformed into a one hop channel between source and relay. 

In the following lemma, we concentrate on Rayleigh fading for illustration purpose. 

Lemma 10: For Rayleigh fading channels, Ps is given by 

2^0 _ i~ 
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Furthermore, condition (11051 ) simplifies to 

Ps< 



So 



^o + ^i(VfiR)/ln(2)' 



where Xt is found as the solution to 



n 



R 



n 



R 



r. 



For the case where (11151) holds, (11091) and (II 101) simplify to 



5o(l-P5)(l-e-^/^-) 



ln(2) 



'^'^ ' ^R 



G 

^R 



and 



X 



{1-Ps 



X 



^E, 

^R 



75(1-P5)(1- 



(115) 



(116) 



(117) 



)=r 

(118) 



respectively, where integral limit G is given by (II 1 II) . The maximum throughput is given by the right 
(or left) hand side of (11171) . 

For the case, where (|115l) does not hold, the throughput is given by r = 50(1 — Ps)- 

Proof: Equations (11151) . (II 161) . (II 171) . and (II 181) are obtained by inserting the pdfs of hs{i) and 
hR{i) into (fT05l) . (fT06l) . (fT09l) . and (fTTOl) . respectively. ■ 

Remark 10: Conditions (|94|) and (11051) depend only on the long term fading statistics and not on the 
instantaneous fading states. Therefore, for fixed Cls and Qj^, the optimal policy for condition (|94l ) is 
given by either (|95l) or ( |97] ). but not by both. Similarly, the optimal policy for condition (11051) is given 
by either (11081) or (11131) . but not by both. 



C. Mixed Rate Transmission with Delay Constraints 

Now, we turn our attention to mixed rate transmission with delay constraints. For the delay un- 
constrained case. Theorem [6] was very useful to arrive at the optimal protocol since it removed the 
complexity of having to deal with the queue states. However, for the delay constrained case, the queue 
states determine the throughput and the average delay. Moreover, for mixed rate transmission, the queue 
states can only be modeled by a Markov chain with continuous state space, which makes the analysis 
complicated. Therefore, we resort to a suboptimal adaptive link selection protocol in the following. 

Proposition 2: Let the buffer size be limited to Qmax bits. For this case, we propose the following 
link selection protocol for mixed rate transmission with delay constraints: 
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1) If Os{i) = 0, set di = 1. 

2) Otherwise, if log2(l + r(z)) < Q{i — 1) < Qmax — 'S'o, select di as proposed in Theorem |7] for the 
case of transmission without delay constraint. 

3) Otherwise, if Q{i — 1) > Qma.x — Sq, set di = 1. 

4) Otherwise, if Q{i - 1) < log2(l + r{i)), set di = 0. 

If the S-TZ link is in outage, the relay transmits. Otherwise, if there is enough room in the buffer to 
accommodate the bits possibly sent from the source to the relay and there are enough bits in the buffer 
for the relay to transmit, the link selection protocol introduced in Theorem |7] is employed. On the other 
hand, if there exists the possibility of a buffer overflow, the relay transmits to reduce the amount of data 
in the buffer. If the number of bits in the buffer is too low, the source transmits. The value of Qmax can 
be used to adjust the average delay while maintaining a low throughput loss compared to the throughput 
without delay constraint. 

Although conceptually simple, as pointed out before, a theoretical analysis of the throughput of the 
proposed queue size limiting protocol is difficult because of the continuous state space of the associated 
Markov chain. Thus, we will resort to simulations to evaluate its performance in Section IVTl 

D. Conventional Relaying With Delay Constraints 

To have a benchmark for delay constrained buffer-aided relaying with adaptive link selection, we 
propose a corresponding conventional relaying protocol, which may be viewed as a delay constrained 
version of Conventional Relaying 1. 

Proposition 3: The source transmits to the relay in k consecutive time slots followed by the relay 
transmitting to the destination in the following n time slots. Then, this patter is repeated, i.e., the source 
transmits again in k consecutive time slots, and so on. The values of k and n can be chosen to satisfy 
any delay and throughput requirements. 

For this protocol, the queue is non-absorbing if 



Assuming (11191) holds, the average arrival rate is equal to the throughput and hence the throughput is 
given by 



k{l-Ps)So<nE{\og,{l + r{i))} 



(119) 



k 



(1 - Ps)So , 



(120) 



r 



k + n 
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Using a numerical example, we will show in Section |VI](cf. Fig.|7]) that the protocol with adaptive link 
selection in Proposition [2] achieves a higher throughput than the conventional protocol in Proposition [3l 
However, the conventional protocol is more amendable to analysis and it is interesting to investigate 
the corresponding throughput and multiplexing gain for a given average delay in the high SNR regime, 
75 = 7ii = 7~^oo- This is done in the following theorem. 

Theorem 9: For a given average delay constraint, E{T}, the throughput r and multiplexing rate r of 
mixed rate transmission with conventional relaying are given by 

r ^ asT^oo. (121) 

r — )■ 1 T7-r, as 7 — )■ oo . (122) 

2E{Ty ' ^ ' 

Proof: Please refer to Appendix O ■ 

Remark 11: Theorem |9] reveals that, as expected from the discussion of the case without delay 

constraints, delay constrained mixed rate transmission approaches a multiplexing gain of one as the 

allowed average delay increases. 

VI. Numerical and Simulation Results 

In this section, we evaluate the performance of the proposed fixed rate and mixed rate transmission 
schemes. We also confirm some of our analytical results with computer simulations. We note that our 
analytical results are valid for oo. For the simulations, N has to be finite, of course, and transient 
effects caused by the filling and emptying of the buffer at the beginning and the end of transmission 
may have a non-negligible impact on the outage probability in this case. In order to avoid these transient 
effects in our simulations, we consider only bits transmitted during steady state operation, i.e., we neglect 
the bits transmitted at the beginning and the end of transmission. 

A. Fixed Rate Transmission 

For fixed rate transmission, we evaluate the proposed link selection protocols for transmission with 
and without delay constraints. Throughout this section we assume that source and relay transmit with 
identical rates, i.e., 5*0 = Rq. 
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1) Transmission Without Delay Constraints: In Fig.[2l we show the ratio of the throughputs achieved 
with the proposed buffer-aided relaying protocol with adaptive link selection and Conventional Relaying 
1 as a function of the transmit SNR 7s = 7r = 7 for VLr = 1, Sq = Rq = 2 bits/slot, and different 
values of The throughput of buffer-aided relaying, r, was computed based on (|36l) . (|40l) . and (l44l) 
in Theorem [21 while the throughput of Conventional Relaying 1, r^o^vi^ obtained based on (fT2l) . 
Furthermore, we also show simulation results where the throughput of the buffer-aided relaying protocol 
was obtained via Monte Carlo simulation. From Fig. [21 we observe that theory and simulation are in 
excellent agreement. Furthermore, Fig. [2l shows that except for 0^ = 0^ the proposed link adaptive 
relaying scheme achieves its largest gain for medium SNRs. For very high SNRs, both links are never in 
outage and thus. Conventional Relaying 1 with optimized ^ and link adaptive relaying achieve the same 
performance. On the other hand, for very low SNR, there are very few transmission opportunities on 
both links as the links are in outage most of the time. The proposed link adaptive protocol can exploit 
all of these opportunities. In contrast, for ^Is = Conventional Relaying 1 choses ^ = 0.5 and will 
miss half of the transmission opportunities by selecting the link that is in outage instead of the link that 
is not in outage because of the pre-determined schedule for link selection. On the other hand, if fi^ and 
O.R differ significantly. Conventional Relaying 1 selects ^ close to or 1 (depending on which link is 
stronger) and the loss compared to the link adaptive scheme becomes negligible. 

In Fig. [3l we show the outage probability. Font, for the proposed buffer-aided relaying protocol with 
adaptive link selection and Conventional Relaying 1. The same channel and system parameters as for 
Fig. [2l were adopted for Fig. [3l as well. For buffer-aided relaying with adaptive link selection, Fout was 
obtained from (ISTl) and confirmed by Monte Carlo simulations. For conventional relaying, Fout was 
obtained from ([T3l) . As expected from Lemma [H buffer- aided relaying achieves a diversity gain of two, 
whereas conventional relaying achieves only a diversity gain of one, which underlines the superiority of 
buffer-aided relaying with adaptive link selection. 

2) Transmission With Delay Constraints: In Fig. [H we show the throughput of buffer- aided relaying 
with adaptive link selection as function of the transmit SNR 75 = 7r = 7 for fixed rate transmission 
with different constraints on the average delay E{T}. The theoretical curves for buffer-aided relaying 
were obtained from the throughput and the average delay given in Lemma [6l For comparison, we also 
show the throughput of buffer-aided relaying with adaptive link selection and without delay constraint 
(cf. Theorem [2l), and the throughput of Conventional Relaying 2 given by ([141) . These two schemes 
introduce an infinite delay, i.e., E{T} = 00, and a delay of one time slot, respectively. In the low SNR 
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regime, the proposed buffer-aided relaying scheme with adaptive link selection cannot satisfy all delay 
requirements as expected from Lemma |7l Hence, for finite delays, the throughput curves in Fig.|4]do not 
extend to low SNRs. Nevertheless, as the affortable delay increases, the throughput for delay constrained 
transmission approaches the throughput for delay unconstrained transmission for sufficiently high SNR. 
Furthermore, the performance gain compared to Conventional Relaying 2 is substantial even for the 
comparatively small average delays E{T} considered in Fig. IH 

In Fig. [51 we show the outage probability, Fout, for the same schemes and parameters that were 
considered in Fig. IH For buffer-aided relaying with adaptive link selection, the theoretical results shown 
in Fig. [5] were obtained from (f86l) and (f87l) . These theoretical results are confirmed by the Monte Carlo 
simulation results also shown in Fig. [51 Furthermore, the curves for transmission without delay constraint 
(i.e., E{T} = oo) were computed from fiSTh . and for Conventional Relaying 2, we used ([T51) . Fig. [5] 
shows that even for an average delay as small as E{T} = 1.1 slots, buffer-aided relaying with adaptive 
link selection outperforms Conventional Relaying 2. Furthermore, as expected from Theorem [51 buffer- 
aided relaying with adaptive link selection achieves a diversity gain of two when the average delay is 
larger than three time slots (e.g. E{T} = 3.1 time slots in Fig. [5] ). This leads to a large performance 
gain over conventional relaying which achieves only a diversity gain of one. Finally, note that even for 
E{T} = 3.1 the coding gain loss is very small compared E{T} = oo. 

Remark 12: For the simulation results shown in Figs. [4| and [51 we adopted a relay with a buffer 
size of L = 60 packets which leads to a negligible probability of dropped packets. For example, for 
7 = 45 dB, the probabiUty of a full buffer, Pt{Q = LRq}, is bounded by Pt{Q = LRo} < 10-^°. This 
also supports the claim in the proof of Theorem [5] that for large enough buffer sizes the probability of 
dropping a packet due to a buffer overflow becomes negligible. 

B. Mixed Rate Transmission 

In this section, we investigate the achievable throughput for mixed rate transmission. For this purpose, 
we consider again the delay constrained and the delay unconstrained cases separately. 

1) Transmission Without Delay Constraints: In Fig. [6l we compare the throughputs of buffer-aided 
relaying with adaptive link selection and Conventional Relaying 1. In both cases, we consider the cases 
with and without power allocation. The theoretical results shown in Fig.[6|for the four considered schemes 
were generated based on Theorem [TFLemma [1 Theorem [ByLemma \M W, Cll), and The 
transmit SNRs of both links are identical, i.e., 75 = = F, So = 2 bits/slot, (is = 10, and (Ir = 1. As 
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can be observed from Fig. [6l for both buffer- aided relaying with adaptive link selection and Conventional 
Relaying 1, power allocation is beneficial only for low to moderate SNRs. Both schemes can achieve a 
throughput of 5*0 bits/slot in the high SNR regime. However, adaptive link selection achieves a throughput 
gain compared to Conventional Relaying 1 in the entire considered SNR range. 

2) Transmission with Delay Constraints: In Fig.|71 we compare the throughputs of various mixed rate 
and fixed rate transmission schemes for a maximum average delay of E{T} = 5 time slots and 5*0 = 2 
bits/slot. The transmit SNRs of both links are identical, i.e., 75 = 7r = T, D.s = = 1. For mixed rate 
transmission, we simulated both the buffer-aided relaying protocol with adaptive link selection described 
in Proposition [2I and the conventional relaying described in Proposition [3l For fixed rate transmission, we 
chose i?o = 'S'o = 2 bits/slot and included results for buffer-aided relaying with adaptive link selection 
obtained based on Lemma [6l Furthermore, for mixed rate transmission, we also show the maximum 
achievable throughput of buffer-aided relaying with adaptive link selection in the absence of delay 
constraints (as given by Theorem IvyLemma (9]) and the maximum throughput achievable for a delay 
constraint of E{T} = 5 time slots and infinite transmit power (as given by (|121l) ). Fig. |7] reveals that for 
mixed rate transmission the protocol with adaptive link selection proposed in Proposition [2] is superior to 
the conventional relaying scheme proposed in Proposition [3l and for high SNR, both protocols reach the 
upper bound for mixed rate transmission under a delay constraint given by (11211) . Furthermore, Fig. |7] 
also shows that mixed rate transmission is superior to fixed rate transmission since the former can exploit 
the additional flexibility afforded by having CSIT for the TZ-V link. For example, for F = 30 dB, mixed 
rate transmission with adaptive link selection achieves a throughput gain of 65 % compared to fixed 
rate transmission, and even conventional link selection still achieves a gain of 45%. Fig. |7] also shows 
that even in the presence of severe delay constraints mixed rate transmission can significantly reduce 
the throughput loss caused by half-duplexing compared to full-duplexing. 

VIL Conclusions 

In this paper, we have considered a three-node DF relay system comprised of a source, a half-duplex 
relay with a buffer, and a destination, where the direct source-destination link is not available or not 
used. We have investigated both fixed rate transmission, where source and relay do not have CSIT and 
are forced to transmit with fixed rate, and mixed rate transmission, where the source does not have CSIT 
and transmits with fixed rate but the relay has full CSIT and transmits with variable rate. For both modes 
of transmission, we have derived the throughput-optimal buffer-aided relaying protocols with adaptive 
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link selection and the resulting throughputs and outage probabilities. Furthermore, we could show that 
buffer-aided relaying with adaptive link selection leads to substantial performance gains compared to 
conventional relaying with non-adaptive link selection. In particular, for fixed rate transmission, buffer- 
aided relaying with adaptive link selection achieves a diversity gain of two, whereas conventional relaying 
is limited to a diversity gain of one. For mixed rate transmission both buffer-aided relaying with adaptive 
link selection and a newly proposed conventional relaying scheme with non-adaptive link selection have 
been shown to overcome the half-duplex loss typical for wireless relaying protocols and to achieve a 
multiplexing gain of one. Since the proposed throughput-optimal protocols introduce an infinite delay, 
we have also proposed modified protocols for delay constrained transmission and have investigated the 
resulting throughput-delay trade-off. Surprisingly, the diversity gain of fixed rate transmission with buffer- 
aided relaying is also observed for delay constrained transmission as long as the average delay exceeds 
three time slots. Furthermore, for mixed rate transmission, for an average delay E{T}, a multiplexing 
gain of r = 1 — 1/(2E{T}) is achieved even for conventional relaying. 

Appendix 

A. Proof of Theorem [7] 

We first note that, because of the law of the conservation of flow, A > r is always valid and equality 
holds if and only if the queue is non-absorbing. 

We denote the set of indices with = 1 by 7 and the set of indices with (ij = by I. Assume that 
we have a link selection protocol with arrival rate A and throughput r with A > t, i.e., the queue is 
absorbing. Then, for — oo, we have 

A=^Y.^l-d{)Os{T)S^ > r=l^d,0^(2)min{i?o,Q(^-l)}. (123) 

From (11231) we observe that the considered protocol cannot be optimal as the throughput can be improved 
by moving some of the indices ? in J to J which leads to an increase of r at the expense of a decrease 
of A. As we continue moving indices from / to / we reach a point where A = r holds. At this point, 
the queue becomes non-absorbing (but is at the boundary between a non-absorbing and an absorbing 
queue) and the throughput is maximized. If we continue moving indices from / to /, in general, A will 
decrease and as a consequence of the law of conservation of flow, r will also decrease. We note that A 
does not decrease if we move only those indices from I to I for which Os{i) = holds. In this case, A 
will not change, and as a consequence of the law of conservation of flow, the value of r also remains 
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unchanged. However, the queue is moved from the edge of non-absorption if Oji{i) = 1 holds for some 
of the indices moved from / to /. However, as will be seen later, if the queue of the buffer operates 
at the edge of non-absorbtion, the throughput becomes independent of the state of the queue, which is 
desirable for analytical throughput maximization. 

In the following, we will prove that when the queue is at the edge of non- absorption the following 
holds 



N N 

^ = M E d^OR{^)Ro = A= lim ^ V(l - d,)Os{i)So. (124) 

i=l i=l 

Let e denote a small subset of / containing only indices i for which Os{i) = 1, where \e\/N — )■ for 
N ^ oo and | ■ | denotes the cardinality of a set. Throughout the remainder of this proof -> oo is 
assumed. 

If the queue in the buffer of the relay is absorbing, A > r holds and on average the number of bits 
arriving at the queue exceed the number of bits leaving the queue. Thus, Rq < Qii — I) holds almost 
always and as a result the throughput can be written as 

r = ^ ^ Or{z) mm{Ro, Q{^ - 1)} = ^ On{i)Ro- (125) 

i€l iel 

Now, we assume that the queue is at the edge of non- absorption. That is A = r holds but moving the 
small fraction of indices in e, where |e|/iV — )• 0, from I to I will make the queue an absorbing queue 
with A > T. For this case, we wish to determine whether or not 

1 ^ OR{i)Ro >r=j^Yl ^«(') min{i?o, Q{i - 1)} = A = Os{^)So (126) 

holds. To test this, we move a small fraction e, where \e\/N — > 0, of indices from / to /, thus making 
the queue an absorbing queue. As a result, (11251 ) holds and (11261 ) becomes 

^ OR{t)Ro = r = ^Y ^^(^) inin{/?o), Qit-1)}<A = ^Y1 Osit)So. (127) 

From the above we conclude that if (|125|) holds, then based on (11261) and (|127l) . for |e|/A^ — )■ 0, we must 
have 

l-YORmo>j^Y.Osi^)So (128) 

and 
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However, for (11281) and ( 11291 ) to jointly hold, we require that the particular considered move of indices 
from I to I has caused a discontinuity in ■^J2i(^lOBii)Ro or/and a discontinuity in ;^ Xlie/ ^•^(^)'^o 
as |e|/A^ — )■ is assumed. Since 5*0 and Rq axe finite, lim^v^oo J2iee '^o/N = limAr^oo So\e\/N = and 
lim7v->oo Xltge -^o/^ = liniAr_s>oo -Rokl/^ = 0. Hence, such discontinuities are not possible. Therefore, 
at the edge of non- absorption the inequality in (11261) cannot hold and we must have 

^ Onii)Ro = r=^Y. ^«(^) ^HRo, Q{t-l)} = A=^Yl Osi^)So (130) 
Eq. (|130|) can be written as (|3T1) . This concludes the proof. 

B. Proof of Theorem |2] 

The Lagrangian of Problem (|32l) is given by 

N N N 

^ = nY1 d^0R{i)R, -^^j^Y. [d^0Rm^ - (1 - d.:)Os{i)s,] -j^Y ^^^^^^ - ^*)' ^^^i) 

i=l i=l i=l 

where /i and /3j are the Lagrange multipliers. Differentiating C with respect to di and setting the result 
to zero leads to 

, _ f3^ + {-l + fI)OR{^)Ro + fIOs{^)So 

For diil — dj) = to hold, we need either rfj = or = 1, which leads to two possible values for 

rf. = O^A,i = (l-/i)0^(z)i^o-/iOs(^)5o (133) 
d^ = l^ A,2 = (134) 
For the maximum of £ in (|131l) . < 0, Vi, has to hold. Hence, we have 

/ 1 if (1 - ^)OR(z)i?o > ^iOs{i)So 
di= { (135) 

[ l^{l-^l)OR{{)Ro<^lOs{^)So. 

Furthermore, < ;U < 1 has to hold since for < and > 1 we have always di = 1 and di = 0, 
respectively, irrespective of any non-negative values of Os{i)So and O^(z)i?o- 

First, we consider the case < /i < 1. The boundary values i^i = and /i = 1 will be investigated 
later. From (11351) . for < /U < 1, we have four possibilities: 

1) If OR{i) = 1 and Os(i) = 0, then di = 1. 

2) If OR{i) = and Osii) = 1, then = 0. 
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3) If Oij(i) = and Os{i) = 0, then di can be chosen to be either di = or di = 1 and the choice 
does not influence the throughput as both the source and the relay remain silent. 

4) If Oji{i) = 1 and Os{i) = 1 and fi is chosen such that < /i < Ro/{So + Rq) then dj = 1 in 
all time slots with Ofj{i) = 1 and Osii) = 1, and as a result, condition CI cannot be satisfied. 
Similarly, if /i is chosen such that _Ro/('S'o + Ro) < /i < 1, then di = in all time slots with 
OR{i) = 1 and Osii) = 1, and as a result condition CI can also not be satisfied. Thus, we 
conclude that /i must be set to yU = i?o/('S'o + -Ro) since only in this case can di be chosen to be 
either di = or di = 1, which is necessary for satisfying condition CI. Since for 0/j(z) = 1 and 
Os{i) = 1 neither link is in outage, di can be chosen to be either zero or one, as long as condition 
CI is satisfied. In order to satisfy CI, we propose to flip a coin and the outcome of the coin toss 
decides whether rfj = 1 or rfj = 0. Let the coin have two outcomes C G {0, 1} with probabilities 
Pr{C = 0} and Pr{C = 1}. We set c/^ = if C = and di = 1 if C = 1. Thus, the probabilities 
Pr{C = 0} and Pr{C = 1} have to be chosen such that CI is satisfied. 

Choosing the link selection variable as in (|34l) and exploiting the independence of s{i) and r(z), condition 
CI results in 

^0 [(1 - Ps)Pr + (1 - Ps){l - Pr)Pt{C = 0}] = Ro [(1 - Pr)Ps + (1 - Ps){l - Pr)Pt{C = 1}] . 

(136) 

From (11361) . we can obtain the probabilities Pr{C = 0} and Pr{C = 1}, which after some basic algebraic 
manipulations leads to (l35l) . The throughput is given by the right (or left) hand side of (11361) . which 
leads to (l36l) . 

For (135]) to be valid, Pr{C = 0} and Pr{C = 1} have to meet < Pr{C = 0} < 1 and < Pr{C = 
1} < 1, which leads to the conditions 

Soil - Ps) - {1 ~ Pr)PsRo > (137) 

R^{1 - Pt,) - {1 - Ps)PrSo > (138) 

Solving (11371) and (11381) . we obtain that for the link selection variable di given in (|34|) to be valid, 
condition (l33l) has to be fulfilled. 

Next, we consider the case where /i = 0. Inserting /i = in (|135l) . we obtain three possible cases: 

1) If Or{i) = 1, then di = 1. 

2) If Oji^i) = and Os{i) = 0, then di can be chosen to be either di = or di = 1 and the choice 
has no influence on the throughput. 
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3) If 0/j(?) = and Osii) = 1, then di can be chosen to be either rfj = or rfj = 1 as long as 
condition CI is satisfied. Similar to before, in order to satisfy CI, we propose to flip a coin and 
the outcome of the coin flip determines whether di = I or di = 0. 

Choosing the link selection variable as in (|38l ) and exploiting the independence of s{i) and r{i), condition 

CI can be rewritten as 

SoPnil - Ps)Pt{C = 0} = i?o(l - Pr). (139) 

After basic manipulations ( 11391 ) simplifies to ( |39| ). The throughput is given by the right (or left) hand 
side of (11391) and can be simplified to (|40|) . Imposing again the conditions < Pr{C = 0} < 1 and 
< Fr{C = 1} < 1, we find that for /i = 0, (1137b stiU has to hold but (I138D can be violated, which is 
equivalent to the new condition 

^« > n„^s?([-p.y 

Finally, letting = 1 and following a similar path as for /i = leads to (I42l)-(l44l) and condition (|4TI) . 
This concludes the proof. 



C. Proof of Lemma |2] 

We provide two different proofs for the outage probability, Fout, in (|5TI) . The first proof is more 
straightforward and based on (flOl) . However, the second proof provides more insight into when outages 
occur. 

Proof 1: In the absence of outages, the maximum achievable throughput, denoted by tq, is given by 
(l50l) . Thus, when ([33]) holds, Fout is obtained by inserting dlH) and dSO]) into Similarly, when ([37]) 
holds, Fout is obtained by inserting (|40|) and (l50l) into (flOl) . Finally, when (|4T1) holds, Fout is obtained by 
inserting (|44)) and (l50l) into (flOl) . After basic simplifications, (ISTI) is obtained. This concludes the proof. 

Proof 2: The second proof exploits the fact that an outage occurs when both the source and the relay 
are silent, i.e., when none of the links is used. When (l33l) holds, from d^ given by (l34l) . we observe that 
no transmission occurs only when both links are in outage. This happens with probability Fout = PsPr- 
In contrast, when (l37l) holds, from di given by (l38l) . we observe that no node transmits when both links 
are in outage or when the S-IZ link is not in outage, while the IZ-V link is in outage and the coin flip 
chooses the relay for transmission. This event happens with probability Fout = PsPr + (1 ~ Ps)PrPc-: 
which after inserting Pc given by (l39l) leads to (ISTI) . Finally, when ((4T]) holds, from di, given by ((42)) . 
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we see that no node transmits when both links are in outage or when the S-71 link is in outage, while 
the TZ-V link is not in outage and the coin flip chooses the source for transmission. This happens with 
probability Font = PsPr + ^^(1 - Pr){^ - Pc), which after introducing Pc given by (|43]) leads to (ISTT ). 

D. Proof of Lemma |?] 

Computing the link outages in dV]) and ([8]) for Rayleigh fading and exploiting (l53l) . we obtain (l54l) by 
employing Vts = 7^5 and i^R = 'J^r in the resulting expression and using a Taylor series expansion 
for 7 — 7- 00. As can be seen from (|54l) . the transmit SNR 7 has an exponent of —2. Thus, the diversity 
order is two. 

Moreover, for 0^ = O/j = f2 and Sq = Rq, the asymptotic expression for Fout in (l54l) simplifies to 

Font / , as 7 ^ 00. (141) 

Furthermore, for 5*0 = -Ro^ the asymptotic throughput in (|52|) simplifies to r = Ro/2. Thus, letting 
T = r log2(l +7) we obtain _Ro = 2r log2(l + 7). Inserting Rq = 2r log2(l + 7) into (|14H) . the diversity- 
multiplexing trade-off, DM{r), is obtained as 

OM(r) = - lim = - lim 21og,(2'-'°«.C^^)- l)-2log,(n)-21og,h) 

7^00 log2(7) 7^00 log2(7) 

. 2_,to!i254l±2i!:^ = 2-4.. (142) 

7^00 log2(7) 

This completes the proof. 

E. Proof of Theorem \3\ 

Let di be given by ( 158|) . Then, the following events are possible for the queue in the buffer: 

1) If the buffer is empty, it stays empty with probability P5 and receives one packet with probability 

2) If the buffer contains one packet, it stays in the same state with probability PsPr, sends the packet 
with probability Ps{l — Pr), and receives a new packet with probability 1 — Pg. 

3) If the buffer contains more than one packet but less than L packets, it stays in the same state with 
probability PsPr, receives a new packet with probability (1 — Ps)Pr. + (1 — Ps)i^ — PR)i^ — Pc), 
and sends one packet with probability (1 — Pr)Ps + (1 — Ps)i^ — Pr)Pc- 

4) If the buffer contains L packets, it stays in the same state with probability PsPr + (1 — Ps)Pr + 
{1-Ps){1-Pr){1-Pc), and sends one packet with probability (1 - Pr)Ps + (1 - P5) (1 - Pr)Pc- 
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The events for the queue of the buffer detailed above, form a Markov chain whose states are defined 
by the number of packets in the queue. This Markov chain is shown in Fig. [8l where the probabilities 
p and q are given by (|64l ). Let M denote the state transition matrix of the Markov chain and let 
denote the element in the i-th row and j-th column of M. Then, niij is the probability that the buffer 
will transition from having i — \ packets in its queue in the previous time slot to having j — 1 packets 
in its queue in the following time slot. The non-zero elements of matrix M are given by 

= Ps , mi^2 = 1- Ps , m2,i = Ps - q , ^2,3 = 1 - Ps , mL+i,L+i = 1 - p 
mi,i+i = l-p-q, mi+i^i=p, = q , for z = 1, . . . , L. (143) 

Let Pr{Q} = [Pr{Q = 0}, Pr{Q = Rq}, Pr{Q = LRq}] denote the steady state probability vector 
of the considered Markov chain, where Ft{Q = kRo}, k = 0, . . . , L, is the probability of having k 
packets in the buffer. The steady state probability vector is obtained by solving the following system of 
equations 

Pr{Q}M = Pr{Q} 

, (144) 

ELoP^{Q = kRo} = 1 
which leads to (l63l) . Using (l63l) the average queue size E{Q} can be obtained from 

L 

E{Q} = RoY,kPT{Q = kRo}, (145) 

k=0 

which leads to (l65l) . Furthermore, the average arrival rate can be found as 

A = R^[{1-Ps){Pt{Q = 0} + Pt{Q = Ro}) 

+ {l-p- q) (1 - Pr{g = 0} - Pr{g = i?o} - Pr{g = LR^])] • (146) 

Inserting the average arrival rate given by (11461) and the average queue size given by (|65l) into (|56l) yields 
the average delay in (l66l) . 

For the case when di is given by either (l60l) or (|62|) . the queue in the buffer of the relay can be 
modeled by the Markov chain shown in Fig. [9l If the link selection variable di is given by (l60l) . p and 
q are given by (l64l) . and if the link selection variable di is given by (l62l) . p and q are given by (l69l) . 
Following the same procedure as before, (I68l)-(r72l) can be obtained. This completes the proof. 
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F. Proof of Lemma 

Let us first assume that 2p + g — 1 < 0, which is equivalent to p < 1 —p — q. Now, since L oo, 
goes to zero faster than {1 — p — q)^ . Thus, by using j)^ = as L — t- oo in (l66l) and (TtTI) , we obtain in 
both cases 

E{T} = - - . (147) 

p 1 — 2p — q 

Thus, we conclude that if 2p + q — 1 < 0, E{T} grows with L and is unlimited as L — t- oo. Thus, if 
E{T} is to be limited as L — > oo, 2p + g — 1 > has to hold. 

If 2p + g — 1 > 0, as L — oo, (1 — p — q)^ goes to zero faster than p^. Hence, (|73|)-(|8TI) are obtained 
by letting (1 — p — q)^ = 0, as L — t- oo, in the relevant equations in Theorem [3] and inserting the 
corresponding p and q given by (l64l) and (l69l) into the resulting expressions. This concludes the proof. 



G. Proof of Lemma 

The minimum and maximum possible delays that the considered buffer-aided relaying system can 
achieve are obtained for Pc = I and Pc = 0, respectively. If di is given by (l58l) . the delay is given by 
(1741) . By setting = 1 in (1741) we obtain the minimum possible delay in (|82l) . However, since (1741) is 
valid only when 2]? + g — 1 > 0, (l82l) is valid only when P^ < l/{2 — Pg). This condition is obtained 
by inserting Pc = 1 into the expressions for p and g given by (l64l) and exploiting 2j9 + g — 1 > 0. On 
the other hand, in order to get the maximum delay given in (l83l) . we set = in (1741) . The derived 
maximum delay is valid only when P5 > 1/(2 — Pr), which is obtained from 2p + g — 1 > and 
inserting Pc = into the expressions for p and g given by (l64l) . 

A similar approach can be used to derive the delay limits Tmin 2, ^min,3, and Tmax.s valid for 

the cases when di is given by (l60l) and (l62l) . This concludes the proof. 

//. Proof of Theorem 

The outage probability, Pout^ can be derived based on two different approaches. The first approach is 
straightforward and based on (ITOl) . However, the second approach provides more insight into how and 
when the outages occur and is based on counting the time slots in which no transmissions occur. In the 
following, the provide a proof based on the latter approach. 

If di is given by (l58l) or (l60l) . there are four different cases where no node transmits. 

1) The buffer is empty and the S-IZ link is in outage. 
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2) The buffer in not empty nor full and both the S-IZ and TZ-T> links are in outage. 

3) The buffer is full and the S-IZ link is not in outage while the IZ-V link is in outage. In this case, 
the source is selected for transmission but since the buffer is full, the packet is dropped. 

4) The buffer is full, both the S-IZ and IZ-V links are not in outage, and the source is selected for 
transmission based on the coin flip. In this case, since the buffer is full, the packet is dropped. 

Summing up the probabilities for each of the above four cases, we obtain (l86l) . 

If di is given by (|62|) . an outage occurs in three cases: Case 1 and Case 2 as described above, and a 
new Case 3. In the new Case 3, the buffer is full, the S-IZ link is not in outage while the IZ-V link is in 
outage, and the source is selected for transmission based on the coin flip. Summing up the probabilities 
for each of the three cases, we obtain (l87l) . 

/. Proof of Theorem |5] 

For delay constrained transmission with E{T} < L, the probability of dropped packets Ft{Q = LRq} 
can be made arbitrarily small by increasing the buffer size L. Thus, for large enough L, we can set 
Pr{Q = LRo} = in (Ei) and ([87]). 

In the high SNR regime, when Ps ^ and Pr ^ 0, Pr < 1/(2 - Pg) and Pg < 1/(2 - Pr) always 
hold. Using P5 — )■ and Pr — in the delays specified in Proposition [H we obtain the conditions 
E{T} > 3 and 1 < E{T} < 3 if link selection variable di is given by (l58l) and (l60l) . respectively. 

We first consider the case E{T} > 3, where di is given by (l58l) . Thus, the probability of the buffer 
being empty, Pt{Q = 0}, is given by (l73l) . Using P5 — > and Pr — in (fTSl) . we obtain 



On the other hand, using P5 — )■ and Pr — in the expression for E{T} in (l74l) . we obtain 




(148) 



E{T} 



1 



2Pc 



1 



+ 2. 



(149) 



Solving ( 11491 ) for Pc yields 




(150) 



Inserting (11501) into (11481) we obtain 



Finally, inserting (11511) into ([861) and setting Ft{Q = LRq} = 0, we obtain (l90l) . 




(151) 
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Now, we consider the case 1 < E{T} < 3, where di is given by (|60l ). Here, the probability of the 
buffer being empty, Pt{Q = 0}, is given by (1761) . For P5 — and Pr — )■ 0, we obtain from (1761) 



Furthermore, for — )■ and — )■ 0, we obtain from (1771 ) the asymptotic delay 



or equivalently 

~ 2 V" ' E{T} J ■ 

Inserting (11541) into (11521) we obtain 



Pc = i I 1 + -F^ I . (154) 



= 0} = (155) 

Finally, inserting (11551) into ([87]) and setting Fr{Q = LRq] = 0, we obtain (f89l) . This concludes the 
proof. 

7. Proof of Theorem 

The Lagrangian of optimization problem (l93l) is given by 

1 ^ 1 ^ 

1 1 ^ 

-(l-dOOs(05oJ (156) 

i=l 

where /i and /3j are the Lagrange multipliers. By differentiating C with respect to di, equating the result 
to zero, and solving the equation with respect to di, we obtain 

Jl if (l-/i)log2(l + r(^)) >/iOs(^)^o 
di= { ^ ^ (157) 

[0 if (1 - /i) log2 (1 + r{i)) < fxOs{i)So, 
where we took into account that (3i < 0. Since for i^i < and /i > 1, we have always di = 1 and di = 0, 
respectively, irrespective of the (non-negative) values of log2 (l + r(i)) and Os{i)So, < n < I has to 
hold. 

Let us first consider the case < /i < 1 and investigate the boundary values fi = and = 1 later. 
For < fi < 1, (11571) can be written in the form of ( |95] ) after setting p = — //), where p is chosen 
such that constraint CI of problem (l93l) is met. Denoting the pdfs of s(i) and r{i) by /s(s) and /r(r) 
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constraint CI of problem (|93] ) can be rewritten as in ( |96l ). which is valid for p in the range of p = [0, oo). 
Thus, by setting p = oo in (|96|) . we obtain the entire domain over which (|951) is valid, which leads to 
condition (|94l ). 

Next, we consider the boundary values /i = and /i = 1. /i = or equivalently p = is relevant 
only in the trivial case when the S-IZ link is never in outage (i.e. Ps = 0) and Sq = oo, where a trivial 
solution is given by rfi = and di = 1 for i = 2, N and N ^ oo. 

The other boundary value, yU = 1, is invoked only when by using di as defined in (|95]) , constraint CI 
cannot be satisfied even when p — oo, which is the case when condition (l94l) does not hold. Therefore, 
if (l94l) does not hold, we set /i = 1 in (11571) and obtain the following cases: 

1) If Osi'l) = 1, then di = 0. 

2) If Os{i) = 0, then can be chosen arbitrarily to be either zero or one as long as constraint CI 
holds. 

However, the same throughput as obtained when Osii) = and di is chosen such that constraint CI 
holds, can also be obtained by choosing always di = 1 when Os{i) = resulting in (|971) . The reason 
behind this is as follows: Assume there is a policy for which when Os{i) = 0, di is chosen such that 
constraint CI holds. Now, we change di from to 1 for Osii) = 0. However, this change does not 
affect the (average) amount of data entering the buffer. Thus, because of the law of conservation of flow, 
the average amount of data entering the buffer per time slot is identical to the average amount of data 
leaving the buffer per time slot (the throughput), and the throughput is not affected by the change. 

K. Proof of Theorem |S] 

The Lagrangian of optimization problem (11041) is given by 

1 ^ 1 ^ 

>C = j;j^di log2(l + lR{i)hR{i)) - ^ ^di hg^il + lR{i)hR{i)) - (1 - di)Os{i)So 

i=l i=l 

N N 

+ (158) 

i=l i=l 

where the Lagrange multipliers pt, f3i, and u are chosen such that CI, C2, and C3 are satisfied, respectively. 
We again consider only the interval < p < 1 as for p < and p > 1, we have always di = 1 and 
di = 0, respectively, irrespective of the (nonnegative) values of log2 (l + r(i)) and Os{i)So. 

We concentrate first on the case < p < 1 and consider the boundary values later. By differentiating 
C with respect to 7/j(ii) and di, and setting the results to zero, we obtain two equations. Solving the 
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resulting system of equations with respect to 7ij(i) and di, and taking into account that /3j < 0, < /i < 1, 
and z/ > 0, we obtain (11071) and (11081) after letting p = \n.{2) ji / {I - ii) and A = ln(2)z//(l - which 
are chosen such that constraints CI and C3 are met with equality. Given the pdfs fhs{hs) and fhji{hs), 
conditions ( |92l ) and (11031) can be directly written as ( 11091 ) and (II 101 ). respectively. Setting p — j- oo in 
(11091) and (II 101) . we obtain condition (11051) which is necessary for the validity of (|971) . 

Similar to the fixed transmit power case, the boundary value = is trivial. On the other hand, for 
/i = 1, we obtain that di has to be set to = when Os{i) = 1 and for Osii) = 0, d^ can be chosen 
arbitrarily. Similar to the fixed power case, we set di = 1 when Osii) = 1 in order to minimize the 
delay. Thus, the optimal power and link selection variables are given by (|1 121) and (II 131) . respectively, 
and the throughput is given by (II 141) . 

L. Proof of Theorem [9] 

For 75 = 7r = 7 — oo, the protocol in Proposition [3] is optimal in the sense that it maximizes 
the throughput while satisfying the average delay constraint. In particular, for high SNR in the S-TZ 
link, the probability that the link is in outage approaches zero and the relay receives Sq bits per source 
transmission. On the other hand, the number of bits transmitted by the relay in one time slot over the 
IZ-V link increases with the SNR. Thus, for sufficiently high SNR, the source transmits kS^ bit in k time 
slots and the relay needs just n = \ time slot to forward the information to the destination. Hence, every 
transmission period comprises k + n = k + \ time slots, where the queue length at the relay increases 
from Sq to kS^ in the first k time slots and is reduced to zero in the {k + l)th time slot. Hence, the 
average queue length, E{Q}, can be written as 

E{Q}^-^{^ + '^ + - + k + Q)S,= ^ ^ ' So = -So, as7^oo. (159) 

On the other hand, the arrival rate is identical to the throughput and given by (|120|) . and for high SNR 
it converges to 

k 

A = T ^ So-, , as 7 cx) . (160) 

A; + 1 

Combining (l56l) . ( 11591 ). and (11601) the average delay is found as 

E{T} , as 7 ^ oo . (161) 

Finally, combining (11601) and (11611) the throughput can be expressed as (11211) . and the multiplexing gain 
in (11221) follows directly. 
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Fig. 1. System model for three node relay network employing a half-duplex decode-and-forward relay. The relay is equipped with a 
buffer to store the packets received from the source. 
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Fig. 3. Outage probability of buffer-aided (BA) relaying and Conventional Relaying 1 vs. 7. Fixed rate transmission without delay 
constraints. 75 = 7^ = 7, 5*0 = ^^o = 2 bits/slot, and Qji = 1. 



54 




Fig. 4. Throughputs of buffer-aided (BA) relaying and Conventional Relaying 2 vs. 7. Fixed rate transmission with delay constraints. 
7s = 7ii = 7, •S'o = -Ro = 2 bits/slot, Qr = 1, and Cls — 1. 
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Fig. 5. Outage probability of buffer-aided (BA) relaying and Conventional Relaying 2 vs. 7. Fixed rate transmission with delay constraints. 
Js = JR ~ "f. So = Ro = 2 bits/slot, ^Ir = 1, and Cls = 1. 
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Fig. 6. Throughput of buffer-aided relaying with adaptive link selection and Conventional Relaying 1 vs. F. Mixed rate transmission 
without delay constraints. Cls ~ 10, Qr ~ 1, and So = 2 bits/slot. 
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Fig. 7. Throughput of buffer-aided relaying with adaptive hnk selection and conventional relaying vs. F. Mixed rate and fixed rate 
transmission with delay constraint. E{T} = 5 time slots, 7s = 'yu = F, So = 2 bits/slot, and = flu = 1. 




Fig. 8. Markov chain for the number of packets in the queue of the buffer if the link selection variable di is given by (1581) . 
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